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 Oceanic submesoscale phenomena (SMPs) are characterized by horizontal length 
scales of ~ 1 km and temporal scales of ~ 1day. Progress in numerical modeling 
techniques has activated their numerical studies since last decade. SMPs are ubiquitous 
in the global ocean in association with oceanic fronts and mesoscale eddies. They play an 
important role in a forward energy cascade, energy transfer from planetary-
scale/mesoscale phenomena to microscale turbulence. SMPs generate vertical velocities 
of ~100 m day−1, which are much larger than those associated with other phenomena of 
larger scales. Therefore, they also contribute to vertical fluxes of water masses and 
dissolved materials such as gases and nutrients between the surface layer and the ocean 
interior, thereby strongly affecting ecosystem and material circulation.  
 Whereas numerical studies have demonstrated their impacts on dynamical and 
biogeochemical processes, there have been very few observational studies because of 
their temporal/spatial small scales. Though intensive surveys which aim to resolve SMPs 
have been conducted, their regional-/basin-scale distribution has hardly been revealed by 
in situ data.  
 The framework of SMPs is simply defined by typical spatial scales (O(1 km)) of 
currents. Hence, several currents whose generating factors or evolution mechanisms are 
different are classified as SMPs. On the basis of previous classifications, we describe their 
dynamics by reclassifying them into three phenomena, mixed layer instabilities (MLIs), 
frontogenesis/filamentogenesis (F/F), and secondary instabilities in order to find a 
breakthrough on the problem regarding their in situ observations. Then, we described to 
focus on F/F, which develops in horizontal strain-dominated area and affect the interior 
structures due to ageostrophic vertical secondary circulation. 
 Information about horizontal flow field which resolve mesoscale (O(100 km)) is 
obtained by satellite altimetry. Vertical temperature/salinity profiles in ocean interior, on 
the other hand, have been observed and stored globally by Argo floats since 2000. These 
horizontal flow field and vertical structure of a tracer are connected by the theory of three 
dimensional cascade; the theory tells that horizontal wavenumber of a tracer forced by 
quasi-geostrophic (QG) turbulent flow increases not in the eddy-dominated area but in 
the strain-dominated area and its vertical wavenumber grows depending on the horizontal 
wavenumber and vertical shear of horizontal velocity. Thus, if the theory is valid in the 
real ocean, temperature/salinity profiles in F/F probably have high vertical wavenumber 
structures (HVWSs) because F/F develops in the strain-dominate area and it accompanies 
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vertical shear of horizontal velocity as a secondary circulation. 
 Distribution of SMPs is deduced from that of HVWSs and horizontal flow field if 
the three dimensional cascade theory is valid in the real ocean. The goal of the present 
thesis is to gain insight into relationship between SMPs and HVWSs, which is established 
with taking into account the future elucidation of the global distribution of SMPs. 
Detection method of HVWSs from in situ data is examined and their distribution is 
investigated by applying the method to observed data. Moreover, we reveal basic 
dynamical features of SMPs to understand the results of the analysis more deeply.  
 In Chapter 2, the validity of the three dimensional cascade theory in the real ocean 
is examined on the basis of the output of the high-resolution realistic simulation and 
observed data acquired by profiling floats deployed in a mesoscale eddy in the Kuroshio-
Oyashio mixed water region, along with shipboard/satellite observation data. In the 
simulated ocean, SMPs are observed at the periphery of mesoscale eddies, accompanying 
vertically small scale temperature/salinity structures below, and are active while eddies 
interact with surrounding flows and eddies. More frequent distribution of HVWSs at the 
periphery of an eddy compared with those near its center is confirmed synoptically by 
shipboard observation data and statistically by profiling float data. Moreover, number of 
HVWSs is large during interaction between the eddy and ambient water masses and their 
distribution relative to the eddy likely depends on types of interaction; it increases at the 
periphery when the eddy absorbs ambient water mass and it does in the interior when part 
of it is absorbed by surroundings. These features are consistent with the behavior of SMPs 
in the simulated ocean, suggesting that HVWSs represent distribution of SMPs. 
 In Chapter 3, we explore distribution of HVWSs against strain/eddy field by 
applying the detection method of HVWSs developed in Chapter 2 to the Argo float data 
in the Kuroshio-Oyashio and their extension region. Consistent with the characteristics in 
the distribution obtained in Chapter 2, HVWSs are distributed asymmetrically and 
skewed toward the strain-dominated area in the southern/northern region of the Kuroshio 
Extension (KE). In the Oyashio region, on the other hand, a relatively large number of 
HVWSs are found in the eddy-dominated area and they are comprised of thick intrusion 
structures compared with those in other region. These thick structures are inferred to be 
intrusions of cold water masses into intermediate layer of mesoscale eddies, which have 
been reported in this region. HVWSs are found not only in the strain-dominated area but 
also in the eddy-dominated area likely due to penetration of surrounding water mass into 
eddies. 
 In order to clarify evolution mechanism of HVWSs associated with mesoscale eddies, 
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we conducted intensive shipboard survey of an anticyclonic mesoscale eddy in the 
northern region of KE. In Chapter 4, we analyze three dimensional temperature/salinity 
and velocity data obtained in this survey. Submesoscale filamentary structures with low 
temperature/salinity water are observed both in the strain-dominated area at the periphery 
of the eddy and in the eddy dominated area inside the eddy. The velocity profiles exhibit 
that filaments at the periphery of the eddy are evolving and those its inside the eddy are 
traces of filamentogenesis. These filaments cause HVWSs with vertical shear of 
horizontal velocity both in strain field and in eddy field. The result imply that HVWSs 
are probably generated not only in the strain-dominated area, where SMPs evolves, but 
also in the eddy-dominated area. In order to make distinction between evolving filaments 
and their tracers, we examine the relationship between elapsed time from the forced 
period of filamentogenesis and the sharpness of intrusions constituting HVWSs. The 
sharpness of intrusion structures decreases as time passed from the forced period of 
stretching. Distribution of HVWSs with sharp/blunt intrusions in the Kuroshio-Oyashio 
and their extension region imply that evolving fronts and filaments are skewed toward 
the strong strain field and traces of F/F are distributed uniformly in the ocean.  
 The present thesis contribute to clarification the effect of SMPs on vertical structures 
in ocean interior. In the light of the three dimensional cascade theory and the decrease of 
intrusion sharpness, we conclude that distribution of F/F and its trace is deduced from 
HVWSs. Applying the methodology to regional-/basin-scale in situ data, global 
distribution of SMPs is probably explored. A satellite altimeter, which measures the 
global sea surface height (SSH) with a spatial resolution of O(10 km), is scheduled to 
launch in 2021. As the understanding of mesoscale phenomena has been advanced by 
combing satellite SSH data with Argo data, it is expected that distribution and structures 
of SMPs is further clarified with the high-resolution SSH. We proposed the new 
methodology to approach distribution of SMPs using in situ temperature/salinity data. 
The findings of this thesis contribute to connecting the new satellite SSH data and in situ 
observation data in preparation for the new satellite mission, the beginning of a new era 
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 Oceanic mesoscale phenomena with horizontal length scales of O(100 km) have 
been observed and investigated in the last few decades. The progress of understanding of 
mesoscale phenomena is based on advancement in observing systems such as satellite 
altimeter and Argo floats, and numerical modeling techniques. Recent studies combining 
satellite altimeter and Argo float data demonstrated interior structures of mesoscale eddies 
statistically and the impact of eddy-induced mass transport (Zhang et al., 2014). The 
effect of mesoscale phenomena on large-scale ocean circulation has been revealed with 
quantitative estimates using in situ observation data. Further progress in high-resolution 
modeling has been taking up our attention to submesoscale phenomena (SMPs), which 
have horizontal scales 1-2 order smaller than that of mesoscale phenomena. Modeling 
and simulation studies pointed out that SMPs play an important role in energy cascade 
between mesoscale phenomena and dissipation (Capet et al., 2008a) and in vertical 
circulation of physical and biogeochemical properties (Perruche et al., 2011; Lévy et al., 
2012; Smith et al., 2016). Therefore, it is of great importance to understand their behavior 
and global distribution. However, because of their small spatial and temporal scales, in 
situ observations of SMPs have been very limited; none of them presented their regional-
/basin-scale distribution. In this section, we first describe characteristics of SMPs and 
classify them into some main phenomena to find a clue to approach them on the basis of 
in situ observation. Then, a dynamical framework which would be a breakthrough this 
challenge is introduced and a specific goal of the present thesis is established. 
 
1.1 What are SMPs? 
 SMP is a general term for currents which is characterized by a horizontal length scale 
of ~1 km. Studies of the phenomena have a short history and our understanding of their 
dynamical characteristics and biogeochemical impacts is dramatically advanced in the 
past decade (Thomas et al., 2008; McWilliams, 2016; Mahadevan, 2016). Since we have 
many remaining problems and issues with SMPs, further development of this research 
field is eagerly anticipated. For example, development of observational, modeling and 
numerical studies of SMPs has been identified as one of the most important challenges in 
“Decadal View in Oceanography” by the Oceanographic Society of Japan (Oka et al., 
2013).  
 The term “submesoscale” phenomena is used in relation to mesoscale phenomena 
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with a horizontal length scale of O(100 km) and a temporal scale of O(30-100) days. 
Spatial and temporal distribution of mesoscale phenomena has been studied both 
regionally and globally using satellite sea surface temperature (SST), ocean color, and sea 
surface height (SSH) data (Chelton et al., 2007a). On the contrary, SMPs were less active 
target of research until a decade ago. The approximate scale ranges of SMPs are O(0.1-
10 km) in the horizontal, O(10-1000 m) in the vertical, and O(1) day in the temporal 
domains. SMPs were not actively studied because their small-scale characteristics caused 
both observational and technical barriers (McWilliams, 2016). Regarding observations, 
they are too large to detect with several casts of shipboard instrument, too small and too 
rapidly evolving for typical shipboard observations, and too small for resolving by 
satellite altimeters. Regarding numerical simulations and models, at the same time, the 
horizontal grid resolution of about 10 km achieved during the last couple of decades, 
which resolves mesoscale phenomena, was not enough to reproduce SMPs. Theoretical 
difficulty that their essential dynamics are nonlinear advection also makes their 
reproduction difficult. 
 Except for dedicated intensive surveys which aim to resolve SMPs (Legal et al., 
2007; D’Asaro et al., 2011; Thomas et al., 2013; 2016), we have not overcome the 
obstacles in observation yet. Numerical simulation and model studies, on the other hand, 
rapidly advanced to be able to resolve SMPs (Lapeyre and Klein, 2006; Capet et al. 
2008b; Sasaki and Klein, 2012; Gula et al., 2015) due to development of computer system. 
Thus, simulations and models have led the discovery of SMPs.  
 On satellite images and output of models, so-called SMPs are ubiquitous as surface 
filamentary structures and spirals associated with oceanic fronts and mesoscale eddies 
(Fig. 1.1). However, the earliest known SMP was not such filaments and spirals but 
submesoscale vortices detected as a local minimum in vertical stratification of density 
(McWilliams, 1985; 1988; Papenberg et al., 2010). These are gradient-wind balanced 
anticyclonic vortices that trap their core water and dissolved materials and live years. 
From measurements, it is clear that they are ubiquitous throughout the interior of the 
ocean with different origin locations. They are advected far away from their generation 
site and thus play a role in long-range transport of water masses, heat, potential vorticity, 
and dissolved materials (McWilliams, 1985; D’Asaro, 1988). Meanwhile, filaments and 
spirals at the surface with horizontal scales of several kilometers were visualized through 
images of sunlight and radar reflections in the 1970s (Munk et al., 2000). As soon as 
technological development made it possible to run high-resolution simulations and multi-
step nesting, studies of surface filamentary and spiral structures became active. Thus, the 
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name of SMP has come to indicate these surface structures. In this thesis we shall mention 
the submesoscale vortices only here and use the name of SMPs as near-surface 
filamentary and spiral structures below.  
 Dynamically, SMPs are usually defined as currents whose Rossby number, defined 
as Ro = U/Lf, is O(1) (Thomas et al., 2008; Mahadevan, 2016). Here, U and L are the 
horizontal velocity and length scale, and f is the Coriolis parameter. SMPs are therefore 
at the boundary between the planetary-scale/mesoscale phenomena, which are dominated 
by the effects of rotation (Ro << 1), and the microscale phenomena, which are little 
affected by the rotation (Ro >> 1) (Fig. 2). The scale U can be defined further assuming 
thermal wind balance, U ~ M2H/f, where M2 ≡ by, buoyancy b ≡ −gρ/ρ0, y is the lateral 
up-gradient direction of buoyancy, ρ is in situ density and ρ0 is the reference density, and 
H is the vertical length scale. The vertical buoyancy gradient, or buoyancy frequency, bz 
≡ N2 at the adjusted front scales is related to lateral buoyancy gradient as follows (Tandon 
and Garrett, 1994):  
N2 = M4 f 2⁄ .      
Therefore, the bulk Richardson number defined by Ri = N2H2/U2, is equal to Ro−2 and is 
also O(1) for SMPs. Thus, similarly to the characteristics represented by the Rossby 
number, SMPs are at the boundary between the planetary-scale/mesoscale phenomena 
characterized strong stratification (Ri >> 1) and the microscale phenomena, which are 
strong in regions of weak stratification and strong vertical shear of the horizontal 
velocities (Ri << 1). The conditions on Ro ~ Ri ~ O(1) suggest that the aspect ratio of 
SMPs Г = H/L is expressed as f/N. In the general oceanic conditions, f/N << 1, so that Г 
<< 1. Even though Ro ~ O(1) for SMPs, Г << 1 in the upper ocean, and therefore these 
processes are considered hydrostatic (Mahadevan, 2006). 
 Though “sub-” mesoscale phenomenon has a prosaic name, their roles in the general 
circulation are strongly emphasized. The present understanding is that spontaneous 
emission by mesoscale phenomena with small Ro and Ri is usually weak. It was a widely 
accepted idea that where the bottom flow over topography is strong enough, there can be 
an energy sink: inertia gravity waves in particular regions (Nikurashin and Ferrari, 2011; 
Nikurashin et al., 2013) and bottom turbulent boundary layers dissipation (Sen et al., 
2008) are significant mesoscale energy sinks. Nevertheless, most of the currents are 
separable from the boundary layer and thus a conduit from mesoscale phenomena to 
dissipation was unclear in the interior and near the surface. So it was considered that 
SMPs must break the balance and exhibit forward energy cascade. SMPs are now 
interpreted to connect planetary-scale/mesoscale to microscale phenomena (Fig. 1.2) and 
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their roles in the energy cascade and scale interactions are becoming clear (Capet et al., 
2008a; D’Asaro et al., 2011).  
 SMP has large vertical velocity w (~100 m day−1). This is much larger than that of a 
mesoscale eddy and they have larger spatial and temporal scales than for the boundary 
layer turbulences. This leads to a large material eddy flux, w'c'̅̅ ̅̅ ̅, where c is a material 
concentration that is passively advected and mixed by flows, the overbar denotes an 
average, and the prime denotes a fluctuation from the average. Mixed layer instabilities 
(MLIs) (Boccaletti et al., 2007; Fox-Kemper et al., 2008) and 
frontogenesis/filamentogenesis (F/F) (Hoskins, 1982; Capet et al., 2008c; McWilliams et 
al., 2009; Gula et al., 2014), which are classified as types of the SMPs, are characterized 
by w'b'̅̅ ̅̅ ̅ > 0 . This is an essentially adiabatic restratification flux (details in the next 
section). When c = n is a nutrient, w'n'̅̅ ̅̅ ̅ > 0 is an important for plankton productivity in 
the euphotic zone (Klein and Lapeyre, 2009; Perruche et al., 2011; Lévy et al., 2012; 
Mahadevan, 2016). The surface convergence areas lie above w < 0 downwelling lines. 
They trap oil or biogenic surfactants c that allow a visualization of SMPs at the surface 
(Munk et al., 2000). 
 
1.2 Classification of SMPs 
 The framework of SMPs is simply defined by typical spatial scales of motion. Hence, 
several currents whose dynamical characteristics such as generation mechanisms and 
evolutionary processes are different are classified there. On the basis of previous 
classifications (Thomas et al., 2008; Mahadevan, 2016; McWilliams, 2016), we describe 
their dynamics by reclassifying them into three phenomena, MLIs, F/F, and secondary 
instabilities. Moreover, generating factors of these phenomena and other evolutionary 
mechanisms are explained. We propose possible new classifications different from the 
previous one in this thesis to summarize relationship between each phenomenon and 
generating factors.  
 
1.2.1 Mixed layer instabilities 
 When weakly stratified layer is formed by buoyancy mixing due to boundary layer 
turbulence and there is a horizontal buoyancy gradient ∇hb̅, the baroclinic instability 
becomes active. Such baroclinic instability in the mixed layer is specially called MLI. 
Different from the baroclinic instability associated with the major currents with relatively 
deep extension, the MLIs evolve in submesoscale (Boccaletti et al., 2007). The scale of 
baroclinic instabilities in the frontal areas is represented by the Rossby deformation radius, 
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Rd = NH/f, and it is estimated as Rd ~ 60 km (N
2 = 2 × 10−5 s−2, H = 103 m, f = 104 s−1). In 
the weakly stratified layer, on the other hand, the particular deformation radius is 
calculated as follows: 
Rs ~ NsHs f⁄ ,          (1.1) 
where Ns is the buoyancy frequency in the surface layer, Hs is the mixed layer depth. 
Since their typical values are Ns
2 = 10−6 s−2 and Hs
 = 102 m, the deformation radius in the 
mixed layer is estimated as ~ 1 km.  
 Vigorous modeling studies on MLIs have been carried out (Boccaletti et al., 2007; 
Fox-Kemper et al., 2008; Mensa et al., 2013). Filaments and spirals called mixed layer 
eddies evolving submesoscale are actually observed in images of high-resolution satellite 
SST and ocean color. However, since their dynamical information has not been obtained 
by satellite altimeter and it is also difficult to conduct hydrographic observations to 
capture them, there are very few studies based on observations. 
 The MLIs have some common characteristics with the baroclinic instabilities. First, 
the generation of the MLIs contribute to restratification. The primary energy source of 
the MLIs is potential energy (PE); MLIs grow by slumping fronts to extract those energies 
(Boccaletti et al., 2007). Second, isopycnal slumping is largely adiabatic process. This 
process can be represented through advection by an eddy-driven overturning 
streamfunction (Fox-Kemper et al., 2008). Third, horizontal flow is approximated by 
geostrophic balance. Typical horizontal velocity is estimated by the thermal wind relation, 
which allows expression with relatively simple formulas (Fox-Kemper et al., 2008).  
 As seen from Eq. (1.1), the scale of MLIs is determined by the mixed layer depth. 
There is no such constraint in the baroclinic instability associated with major currents in 
the ocean interior. When the mixed layer is frequently remixed, M2 is supposed to be 
nearly depth-independent. Hence, N2 is also nearly depth-independent since it is provided 
by the adjustment of nearly depth-independent M2. 
 Because MLI is one of the baroclinic instability and therefore they contribute to 
restratification in the mixed layer by the release of available PE, it is appropriate to focus 
on the time evolution of the PE budget to review dynamical features of MLIs (Fox-
Kemper et al., 2008). Fox-Kemper et al. (2008) configured the Massachusetts Institute of 
Technology general circulation model (MITgcm; Marshall et al., 1997) to simulate a 
channel where a baroclinically unstable jet is maintained by restoring temperature along 
the sidewalls. The channel is on an f plane and 50-m mixed layer is preserved by a diurnal 
cycle nighttime cooling and daytime penetrating short wave radiation to give zero diurnal 
average. Regionally-averaged PE budget in the unstable area is as follows:  
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zb̅ = − wb̅̅̅̅ . 
A simple scaling for the magnitude of the vertical and horizontal eddy buoyancy fluxes 
by exchange of fluid parcels over a decorrelation distance (∆y, ∆z) in a time ∆t (as 
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We can estimate the extraction rate by assuming that 
(ⅰ) the relevant time scale ∆t is advective and with typical horizontal velocity scale (U): 









(ⅲ) the vertical length scales with the mixed layer depth: 
∆z ∝ H; 
(ⅳ) fluid exchange occurs along a shallower slope than that of isopycnal (i.e. PE 
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Taking the absolute value of f ensure that PE is extracted in the both Southern and 
Northern Hemispheres.  
 The vertical flux of buoyancy is given by  





.          (1.3) 
The assumption (ⅳ) suggests 
v'b'̅̅ ̅̅  = − C
w'b'̅̅ ̅̅ ̅N 2
M 2
 ∝ − (C − 1)
N2H2
|f|
M2.            (1.4) 
From Eq. (1.3), the vertical transport of the buoyancy is always positive. Eq. (1.4) 
indicates that horizontal transport of the buoyancy decreases the mean buoyancy gradient 
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M2. The eddy buoyancy fluxes may be expressed with a streamfunction (ψ): 
v'b'̅̅ ̅̅  = − ψbz̅, 
w'b'̅̅ ̅̅ ̅ = ψby̅. 
The mean eddy-induced velocities therefore constitute a overturning (or secondary 
circulation) to restratify the frequently remixed surface layer (Fig. 1.3). The current is 
upward on the lighter side in b̅ and downward on the denser side; the cross-frontal flow 
is from lighter side to denser side in the upper part of the front and vice versa in the lower 
part of the front. 
 Recent simulation studies pointed out that MLIs are vigorous in winter (Sasaki et al., 
2014). This is because the mixed layer is cooled and remixed with diurnal cycle and 
weakly stratified layer exists continuously in winter. Without a diurnal cycle the mixed 
layer disappears through unchallenged restratification and the instabilities grow to 
mesoscale eddies (Fox-Kemper et al., 2008). Therefore, MLIs are important not only for 
forward cascade, energy cascade from planetary-scale/mesoscale to microscale, but also 
for inverse cascade to larger scale (Scott and Wang, 2005; Sasaki and Klein, 2012; Qiu 
et al., 2014).   
 
1.2.2 Frontogenesis/filamentogenesis 
 Images of output from submesoscale-resolving simulations (Fig. 1.1), satellite SST, 
and ocean color show horizontally elongated linear submesoscale currents. Part of them 
are buoyancy fronts or filaments stretched by planetary-scale and/or mesoscale 
phenomena. The formation process of such frontal and filamentary structures is called 
frontogenesis and filamentogenesis, and especially frontogenesis is organized in 
meteorology since early times (e.g. Miller, 1948; Hoskins, 1982).  
 The development of fronts and filaments are known to occur in an area where the 
lateral strain rate S = [(ux − vy)
2 + (vx + uy)
2]
1/2
 is large. The term in the first and second 
parentheses on the right hand side are normal and shear components of strain. Because 
fronts and filaments appear as horizontal variation of tracers such as density (buoyancy), 
we attempt to interpret F/F by examining the evolution of horizontal buoyancy gradient, 
D∇b Dt⁄ . Assuming that b is passive tracer by a horizontal two-dimensional nondivergent 












Simple development processes of horizontal buoyancy gradient in the y direction are 
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shown in Fig. 1.4. In these examples, the second term (Fig. 1.4a) and the first term of Q2 
(Fig. 1.4b) contribute to increase horizontal buoyancy gradient by stretching and tilting, 
respectively. Note that the relative vorticity (vx − uy) does not increase buoyancy gradient 
but just rotate it. 
 In order to interpret current structures associated with the development of fronts, we 
first consider quasi-geostrophic (QG) model. Though in the QG model Ro << O(1) and 
Ri >> O(1) are supposed and not an accurate approximation of SMPs, it is appropriate to 
capture their general features of the relationship of the front strength with strain rate. Let 




− fva = 0, 
Db
Dgt
 + N2w = 0, 
where D/Dgt is the time derivative moving with the geostrophic velocity and the 
horizontal velocity u = (u, v)is decomposed the geostrophic flow ug = (ug, vg) and the 
ageostrophic flow ua = (ua, va). The geostrophic flow and the buoyancy are linked by the 
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Introducing a streamfunction ψ for the ageostrophic motion such that (va, w) = (ψz, 
− ψ
y
), the equation for ψ is  
N 2ψ
yy
 + f 2ψ
zz





This means that the ageostrophic circulation decreases the buoyancy gradient to maintain 
the thermal wind balance according to the intensity of the background planetary-
scale/mesoscale frontogenetic strain rate.  
 To obtain more reliable estimation, the semi-geostrophic (SG) model is often used 
(Hoskins, 1982; Thomas et al., 2008). In the SG model, the temporal evolution is 
evaluated with D/Dt = ∂/∂t + (ug + ua) ∙ ∇. The governing equations for a zonally-
elongated front are  
Dug
Dt
− fva = 0, 
Db
Dt
 = 0. 



































With a complicated calculation using the method of Green’s functions, the vertical 
velocity is estimated as follows (Thomas et al., 2008): 


















is the potential vorticity of the geostrophic flow when it was purely zonal and two-
dimensional. The magnitude of vertical velocity varies especially with the potential 
vorticity (q
2D
) and vertical vorticity of the geostrophic flow. From Eq. (1.5), the vertical 
circulation is strong in regions of low potential vorticity, where the Ri (corresponding to 
S2
4
), stratification (N2), or absolute vorticity (F2
2) is small. The amplification of the vertical 
circulation in regions of low potential vorticity was reported by Yoshikawa et al. (2001) 
with a numerical simulation. The Eq. (1.5) also suggests that the vertical velocity is 
stronger in regions of cyclonic vorticity field than in regions of anticyclonic vorticity field 
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when both regions have the same potential vorticity since the contribution of f − ∂ug ∂y⁄  
to the value of F2




 ≈ (f + ζ)
∂w
∂z
 + ⋯, 
where ζ is the vertical vorticity. In the QG model, Ro << O(1) and therefore ζ << f, 
indicating that the vortex stretching and compression contribute to the evolution of 
vorticities at the same degree. In the SG model, on the other hand, by the influence of 
phenomena with scales of Ro ~ O(1), the evolution of vorticities is more efficient in the 
cyclonic vorticity regions (f  > 0, ζ  > 0,  and ∂w ∂z⁄  > 0 in the Northern Hemisphere) 
than in the anticyclonic vorticity regions (f > 0, ζ < 0,  and ∂w ∂z⁄  < 0 in the Northern 
Hemisphere). Indeed, the surface vorticity field develops a strong cyclonic skewness 
(note that a prevalence of the blue color at the smaller scales than the red one in Fig. 1.1). 
 Figure 1.5 shows schematics of surface-layer F/F caused by a large-scale flow. 
Ageostrophic flow is a circulation which weakens the buoyancy front strengthened by 
background deformation flow. The frontogenetic w field develops a strong negative 
skewness; dense-side downwelling is stronger than light-side upwelling. Similar in 
frontogenesis, the contribution of the cyclonic vorticity is strong in filamentogenesis. 
Therefore, filamentogenesis with dense water at the filament core is inherently stronger 
and more common than that with light water at the core in nature.  
 
1.2.3 Secondary instabilities 
 Models which take ageostrophic flows into account better than QG model revealed 
that even if the background flow was in geostrophic balance, secondary instabilities can 
occur when the flow matches particular dynamical conditions (McWilliams et al., 1998). 
The instabilities develop when the Ertel potential vorticity q takes the opposite sign of the 
Coriolis parameter (Hoskins, 1974): 
 fq = f(fk+∇×u)∙∇b < 0.           (1.6) 
The instabilities take different names depending on which terms are responsible for low 
potential vorticity (Thomas et al., 2013): in case instabilities are caused by stratification 
( ∂b ∂z⁄  < 0 ), called gravitational instabilities (GIs); when vertical vorticity triggers 
instabilities ( f ζN 2 < 0  and N2 > 0 ), they are called centrifugal instabilities (CIs); 
baroclinicity (fζN 2 > 0 and fq < 0) induces SMPs named symmetric instabilities (SIs). 
In this subsection, we describe basic characteristics of each instability.  
 GI is generally called convection. A density inversion due to cooling and evaporation 
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at the sea surface results in water exchange with the lower layer. Even if the buoyancy 
loss is spatially uniform by widespread cooling, GI does not evolve in a large scale but 
develops small convection cells (Haine and Marshall, 1998). Though GI is, of course, 
commonly known since long before, its distribution and formation process is studied 
within the framework of SMPs in recent years (Thomas et al., 2013; Hamlington et al., 
2014).  
 CI, the relative vorticity-induced instability, is also termed inertial instability and is 
well known as ageostrophic instabilities. Let us consider an inviscid steady flow in 
thermal wind balance with sheared velocity v(x, z) in the f-plane and perturb the flow 
(Cushman-Roisin and Beckers, 2011). The momentum equations of a particle with a small 
zonal displacement are 
Du
Dt














 = 0.    
Since f is constant, the quantity v + fx is an invariant of the motion. Thus, if the particle 
is displaced horizontally over a distance ∆x, it undergoes a change of velocity ∆v such 
that 
∆v = − f∆x. 
When the background balanced flow has anticyclonic vorticity (Fig. 1.6), the velocity of 
the particle displaced by a distance ∆x > 0 drops by f∆x. However, if the decrease of the 
particle velocity is small compared with shear of the background flow, the new particle 
velocity exceeds the ambient velocity. Hence, the Coriolis force exerted on the particle 
no longer matches the pressure gradient force. The particle is no longer in geostrophic 
equilibrium and is further accelerated away from its original place. Conversely, if the 
background flow has only a small shear or a cyclonic vorticity, the velocity of the particle 
displaced by ∆x > 0 is smaller than the background velocity and the particle is pushed 
back toward its original location. Therefore, CI occurs in areas where the flow has 
anticyclonic vorticity (fζ < 0) and the shear is large enough for displaced particles to 
exceed background flow (Ro ≥ O(1)). Because the instability limits the development of 
anticyclonic vorticity, cyclonic vorticity is typically stronger (cf. Fig. 1.1). 
 The instability caused by the shear of the flow, that is, horizontal density gradient, 
is termed SI. Let us decompose q in Eq. (1.6) into the vertical component (qvt) and the 








The vertical component consists of vertical vorticity and stratification, 
q
vt
 = ζN2, 
and is a factor of GI and CI. The baroclinic component is attributable to the horizontal 





















.           (1.7) 




























 is a negative definite quantity, indicating that the baroclinicity of the fluid 
always decreases the potential vorticity. Thus, if the baroclinicity is strong enough, it can 
lead to situation of fq < 0. Since the strong baroclinicity makes Ri small, SI also develops 
in submesoscale. Its importance for the forward energy cascade has been increasingly 
recognized. Intensive surveys revealed that SI effectively extracted energy in frontal 
regions (D’Asaro et al., 2011; Thomas et al., 2013; 2016). 
 
1.2.4 Generating factors and possible new classifications 
 In the previous subsections, we classified SMPs into three main phenomena, the 
MLIs, the F/F, and the secondary instabilities and described their basic characteristics. 
However, referring to the previous reviews, some different classifications are passible. 
For example, if we focus on generating factors of the phenomena, they may be classified 
into the F/F, the unforced instabilities, and the forced instabilities (Thomas et al., 2008). 
In this case, the F/F is the current formed by the background planetary-scale/mesoscale 
strain field, which is explained in subsection 1.2.1. The unforced instability is separated 
into geostrophically balanced instability (geostrophic instability) and unbalanced 
instability (ageostrophic instability). The MLI and the secondary instability, which are 
described in detail in the previous subsections, are classified into the geostrophic and 
ageostrophic instability, respectively. As the forced instability, winds blowing in the 
direction of the surface front (down-front wind-stress), buoyancy loss by a cooling, and 
topographic effect (McWilliams, 2016) are pointed out. 
 The forced instability is significant especially in the boundary layer. The down-front 
wind-stress enhances the Ekman flow, which advects dense water over light water near 
the sea surface. The water transport destabilizes water column, triggers convective mixing, 
and decreases Ri (Thomas and Lee, 2005; Thomas, 2005). Thus, the SMPs become active 
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around the front below the down-front wind. Such activation is reported not only frontal 
regions but also around mesoscale eddies pinched off from fronts (Brannigan, 2016). 
Because the buoyancy loss by a cooling also forms dense water in the surface layer and 
enhances vertical mixing, it is an important process to set up instability-rich regions 
(Haine and Marshall, 1998; Legg et al., 1998). As mentioned in subsection 1.2.2, the 
continuously cooling is necessary for developing the MLIs (Fox-Kemper et al., 2008). 
Moreover, the secondary instabilities are also active in a well-mixed surface layer (Haine 
and Marshall, 1998; Thomas et al., 2013). When slopes or seamounts are in the bottom 
boundary, the bottom friction generates horizontal and vertical velocity shear. The shear 
flow develops the secondary instabilities and submesoscale eddies (Dong et al., 2007; 
Gula et al., 2016; Srinivasan et al., 2017). 
 The forced instability, however, can be interpreted as not specific instabilities but 
triggers of the MLIs and the secondary instabilities. The down-front wind-stress and the 
buoyancy loss enhance the surface vertical mixing and generate instability-abundant 
regions. The forcing by the bottom topography also causes the vigorous secondary 
instabilities by producing strong velocity shears. Therefore, in this thesis, these three 
forced instabilities are interpreted as generating factors of the MLIs and the secondary 
instabilities. 
 We assumed the geostrophic equilibrium when considering the MLIs and the F/F. 
However, in nature, the surface layer is always filled with turbulence by atmospheric 
forcing and following mixing. Moreover, it is often difficult to identify either the MLIs 
or F/F are relevant to a surface flow. To discuss such complex surface flow systematically, 






























where K is the mixing coefficient. This is called the turbulent thermal wind balance and 
may be categorized as SMPs (McWilliams, 2016). In the present thesis, however, it is 
only briefly described as one of the expression of the combined flow here.  
 The secondary instabilities, which is proposed as the main SMPs here, are, as the 
name suggests, secondary evolved by density inversion, high relative vorticity, and strong 
baroclinicity in weakly stratified layers and frontal areas. Therefore, even the MLIs and 
the F/F are also interpreted as generating factors of the secondary instabilities since these 
14 
 
two set frontal areas. According to recent simulation studies, while GI, CI, and SI can be 
a direct route from balanced mesoscale dynamics to unbalanced instabilities, it is more 
general for the route to pass through the MLIs and F/F from mesoscale eddies to 
secondary instabilities (McWilliams, 2016). So the secondary instabilities are sometimes 
distinguished from SMPs and interpreted as their following flows. However, because they 
are well-organized phenomena developing in submesoscale and play important roles in 
the energy cascade and atmospheric/oceanic conditions (D’Asaro et al., 2011; Thomas et 
al., 2013; 2016), we categorized them as one of the main SMPs. 
 
1.3 Approach from in situ observations 
 As described in the previous section, dynamical mechanisms and 
dynamical/biogeochemical importance of SMPs are now being understood. Moreover, 
basin-scale numerical simulation in the North Pacific by Sasaki and Klein (2012) reported 
that SMPs are ubiquitous in the global ocean: they were distributed not only in strong 
frontal zones but also in interior regions, where no frontal structures existed on average 
but fronts and filaments were strengthened by strain field induced by mesoscale eddies. 
This suggests that SMPs impact properties such as energy balance, CO2 uptake, nutrient 
supply and biogeochemistry over the global ocean.  
 However, the regional-/basin-scale distribution of SMPs has been never 
demonstrated by in situ observations. Thus, it is an essential issue to investigate their 
behavior and global distribution by in situ observation data. In section 1.2.2, we described 
that F/F is triggered by the strain flow driven by planetary-scale/mesoscale currents. Its 
dynamical structure extends from the surface layer to the interior region and therefore can 
affect throughout a vertical profile of tracers, unlike MLIs whose effect is constrained in 
the surface mixed layer. Focusing on F/F, large-scale horizontal flow field and vertical 
profiles over the global ocean would reveal its spatial and temporal distribution. 
 Under the international Argo program, profiling floats have been deployed in the 
global ocean since 2000 (Riser et al., 2016). For the recent ten years, the horizontal 
resolution of the Argo network became about 300 km. The dense observation network 
has been maintained over the ocean and stored vertically high-resolution temperature and 
salinity profile data down to 2000 dbar depth. At the same time, we can obtain information 
about the horizontal flow field at the surface with at most mesoscale-resolving resolution 
from satellite altimetry. Thus, if we can link surface horizontal flow field and interior 
vertical profiles, distribution of F/F is perhaps examined by Argo data along with satellite 
SSH which provides planetary-scale/mesoscale flow field. In this section, a dynamical 
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framework which connect horizontal flow field and vertical hydrographic structures and 
will become a breakthrough on the problem in their in situ observation is introduced. Then 
a specific goal of the present thesis is established. 
 
1.3.1 Key dynamics: three dimensional cascade theory 
 We introduce dynamical framework which will enable us to relate horizontal flow to 
vertical structure of a tracer. The dynamics was named three dimensional cascade theory 
and was developed by Klein et al. (1998), which demonstrated that the vertical 
wavenumber of any tracer can grow where its horizontal wavenumber is large.  
 Let us consider the time evolution of a passive tracer χ forced by a QG stratified 
turbulent flow. In the Wentzel-Kramers-Brillouin (WKB) and Boussinesq approximation, 
the equation for horizontal wavenumber of χ, defined as kh = ∇hχ  (with ∇ℎ  the 
horizontal gradient operator), is as follows: 
dkh
dt
 = − Akh,          (1.8) 








σs − ω −σn
], 
where σn = ∂xu - ∂yv and σs = ∂xv + ∂yu are the normal and shear components of strain, 




2 − ω2). 
The quantity λ was derived by Okubo (1970) and later by Weiss (1991), and called 
Okubo-Weiss parameter. It provides information about the relative dominance of strain 
and vorticity in the horizontal flow field: positive and negative values of λ indicate 
dominance of strain and vorticity, respectively. Thus, the horizontal gradient of χ cannot 
grow in vortex cores where λ < 0 since the eigenvalues of A are purely imaginary. In 
strain-dominated area where λ > 0, on the other hand, the eigenvalues of A are real and 
the horizontal gradient of χ can exponentially grow. The dynamics of the growing process 
of horizontal χ-gradient is just for F/F.  
 The vertical wavenumber of χ defined as kz = ∂χ/∂z is 
dkz
dt
 = − S ∙ kh,          (1.9) 
where S = [∂u ∂z, ∂v ∂z⁄⁄ ]. This indicates that the vertical wavenumber of χ grows by its 
product of horizontal wavenumber and the vertical shear of the horizontal velocity since 
the horizontal gradient is tilted by the shear flow. The time evolution of the horizontal 
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wavenumber does not depend explicitly on the vertical wavenumber whereas the kz-
evolution entirely depends on kh.  
 According to the evolution mechanism of F/F, they essentially give rise to vertical 
shear of the horizontal velocity across the axis of front and filament as a secondary 
circulation which maintains the thermal wind balance. Combining Eq. (1.8) and (1.9), 
high vertical wavenumber structures (HVWSs) should be recognized in a profile which 
is observed in F/F.  
 
1.3.2 Scope of the present thesis 
 Whereas modeling and simulation have led the discovery and 
dynamical/biogeochemical understanding of SMPs, very few observations of them have 
been carried out, let alone observations to reveal their regional-/basin-scale distribution. 
While the difficulty of their in situ observation is due to temporal and spatial small scales, 
we can obtain global information about horizontal flow field with the mesoscale-
resolving resolution from satellite altimetry and vertical profiles of temperature and 
salinity with vertically high-resolution from Argo floats. Meanwhile, the three 
dimensional cascade theory is expected to connect horizontal flow field and vertical 
profiles. Because F/F is just the SMP that is driven by a forcing of planetary-
scale/mesoscale currents and affect interior structures, its global distribution is perhaps 
investigated by satellite and Argo data on the basis of the three dimensional cascade 
theory. 
 Klein et al. (1998) developed the three dimensional cascade theory with a fully 
turbulent QG stratified flow. Though HVWSs have been observed in the real ocean, their 
distribution or evolution mechanism has not been examined on the basis of the theory. 
Thus, we confirm that dynamical processes based on the three dimensional cascade theory 
overcome other processes and thereby HVWSs are formed and maintained in the real 
ocean by analyzing observation data acquired by profiling floats deployed in a mesoscale 
eddy in the Kuroshio-Oyashio mixed water region along with the output of high-
resolution realistic simulation and shipboard/satellite observation data.  
 Previous modeling and simulation studies illustrated that SMPs were associated with 
not only strong fronts but also mesoscale eddies which lead to strain flow (Lapeyre and 
Klein, 2006; Sasaki and Klein, 2012). So far in situ observations of SMPs in relation to 
mesoscale eddies have been very limited (Legal et al., 2007). After examining the validity 
of the three dimensional cascade theory in the real ocean, the spatial and temporal 
distribution of F/F relative to the location and the temporal evolution of a mesoscale eddy 
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will be described by satellite data and intensively deployed profiling float data.  
 Under the international Argo program, profiling floats have been deployed in the 
global ocean since 2000 (Riser et al., 2016). At a starting point of global analysis, we will 
apply a detection method of HVWSs to Argo float data in the Kuroshio-Oyashio and their 
extension region. Relationship between location of HVWSs and the dominance of 
strain/eddy flow will be investigated to reveal the statistical distribution of F/F.  
 Analyses mentioned above focus on the statistical distribution by using profiling 
float and ship survey data. Though clarifying the statistical distribution over the global 
ocean is the ultimate goal, we need to explore the evolution mechanism of HVWSs in 
detail to understand results of statistical analyses deeply. We conducted an intensive 
shipboard observation at the periphery of a mesoscale eddy to capture SMPs. Relevance 
between HVWSs and horizontal flow field and their evolution mechanism will be 
revealed by using the hydrographic and velocity data.  
 The goal of the present thesis is to gain insight into relevance between SMPs and 
HVWSs. This is established with taking the future elucidation of the global distribution 
of SMPs into account. Basic researches into SMPs and HVWSs are conducted in this 
thesis as the foundation of the approach to the global distribution of SMPs through in situ 
observation. 
 The reminder of this thesis is organized as follows. The validity of the three 
dimensional cascade theory is examined and the spatial/temporal distribution of SMPs 
relative to the location and the temporal evolution of a mesoscale eddy is described by 
intensively deployed profiling float data in Chapter 2. The statistical distribution of 
HVWSs with respect to the dominance of strain/eddy flow is investigated to reveal the 
distribution of SMPs in Chapter 3. Relevance between the HVWSs and velocity field and 
their evolution mechanism are explored and discussed by intensive ship survey data in 









Figure 1.1. Relative vorticity field normalized by Coriolis parameter (f) at 2.5 m depth 
calculated by the output of the high-resolution OFES. The color bar does not fully span 
the positive range; there are places with the value larger than 1.5 whereas the anticyclonic 












Figure 1.2. Stages of energy flow in the oceanic general circulation from planetary-scale 














Figure 1.3. Schematic of the mixed layer restratification (Fox-Kemper et al., 2008). Thin 
contours denote mean isopycnals. Straight arrows denote direction of the eddy buoyancy 
fluxes, and circular contours/arrows indicate eddy-induced streamfunction contours and 










Figure 1.4. Mechanisms for forming a positive y gradient in buoyancy forced by (a) 
normal component and (b) shear component of strain. Buoyancy contours are colored 
orange and blue, which indicate light and heavy fluid, respectively. Dotted and thick lines 












Figure 1.5. Schematics of surface-layer F/F caused by a large-scale deformation flow for 
(a) front and (b) filament configuration in buoyancy (b). These are drawn with reference 










Figure 1.6. Schematic of a fluid particle displaced to the right by a distance ∆x > 0 
conserves its geostrophic momentum and sees its velocity drop to v(x) − f ∆x. The particle 





High vertical wavenumber structures as traces of submesoscale 
phenomena associated with mesoscale eddies: A case study in 
the Kuroshio-Oyashio mixed water region 
 
2.1 Introduction 
 Mesoscale phenomena with length scales of about 50 to 300 km have been shown to 
be ubiquitous in the ocean (Chelton et al., 2011a). Their spatial and temporal distribution 
has been studied both regionally and globally using satellite sea surface temperature 
(SST), ocean color, and sea surface height (SSH) data (e.g. Chelton et al., 2007; Itoh and 
Yasuda, 2010a). They play important roles, for example, in the transport of physical and 
biogeochemical properties, such as heat, potential vorticity, nutrients, and dissolved gases 
and thereby influence biological productivity (e.g. Sugimoto and Tameishi, 1992; 
Mahadevan et al., 2012), and water mass formation, distribution, and dissipation 
processes (Uehara et al., 2003; Qiu and Chen, 2006; Oka et al., 2011; Kouketsu et al., 
2012; Oka et al., 2012). These transport processes are caused by such as propagation of 
eddies which trap fluid parcel (Zhang et al., 2014), stirring of surrounding water driven 
by the rotation of eddies (Chelton et al., 2011b; Mahadevan et al., 2012), and deepening 
and shoaling of pycnoclines associated with eddy motion which laterally transfer the 
stratification (McGillicuddy et al., 1998; 2007). Understanding of spatial and temporal 
distribution, effects on ecosystem, material transport and formation/advection processes 
of water masses by the mesoscale phenomena has been greatly progressed for the past 
few decades through both observations and numerical simulations. 
 On the other hand, submesoscale phenomena (SMPs), characterized by a horizontal 
length scale of O(1-10 km), are commonly observed as filamentary structures in SST and 
ocean color maps compiled from high-resolution satellite data. Submesoscale processes 
generate vertical velocities of ~100 m day−1 (Thomas et al., 2008), which are much larger 
than those associated with other phenomena of larger scales. Therefore, they play a crucial 
role in the vertical fluxes of water masses and tracers between the surface mixed layer 
and the ocean interior or between the euphotic zone and the lower layer (Klein and 
Lapeyre, 2009). Numerical experiments have demonstrated that SMPs enhance nutrient 
and dissolved gas fluxes, strongly affecting ecosystem and dissolved material circulation 
(Perruche et al., 2011; Lévy et al., 2012; Smith et al., 2016). Furthermore, basin-scale 
numerical simulation in the North Pacific by Sasaki and Klein (2012) revealed that SMPs 
were distributed not only in strong frontal zones but also in interior regions. Even if there 
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are no frontal structures on average, the filamentary structures can be strengthened by the 
strain and stirring driven by mesoscale eddies, as shown in previous numerical models 
(e.g. Lapeyre and Klein, 2006). Hence SMPs would exert a significant impact on the 
vertical flux of biogeochemical parameters over the global ocean. 
 A key feature which is probably related to SMPs is high vertical wavenumber 
structures (HVWSs). On the basis of analytical and numerical examination of quasi-
geostrophic (QG) model, Klein et al. (1998) demonstrated filaments of thermohaline 
anomalies accompanied by vertically small scale (~100 m) structures around mesoscale 
eddies. These HVWSs are formed by intrusions of water masses. The series of intrusions 
thus formed are explained by the theory of three dimensional cascade; the theory tells that 
vertical wavenumber of any tracer can grow by the product of its horizontal wavenumber 
and the vertical shear of the horizontal velocity (Klein et al., 1998). According to this 
theory, it is expected that vertical profiles of temperature/salinity in SMPs would have 
vertically small scale structures. 
 In this chapter, to examine whether HVWSs are found in SMPs in the real ocean 
according to the three dimensional cascade theory, we analyze output of realistic high-
resolution ocean general circulation model (OGCM) simulation and observed data 
obtained by profiling floats deployed in a mesoscale eddy in the Kuroshio-Oyashio mixed 
water region, along with shipboard/satellite observation data. Unlike mesoscale 
phenomena, information on spatial and temporal distribution of SMPs based on in situ 
observation has been very limited (Legal et al., 2007) because of their sampling 
difficulties, that is, because they are too small and too short-lived to be captured by typical 
ship surveys (McWilliams, 2016). With a certain confidence of the validity of the three 
dimensional cascade theory in the real ocean, the spatial and temporal distribution of 
SMPs in reference to the location and the temporal evolution of the mesoscale eddy is 
described.  
 The chapter is organized as follows. The data and analytical methods to detect 
intrusion structures and mesoscale phenomena are explained in section 2.2. The snapshots 
of submesoscale filaments and their vertical cross sections are demonstrated by using 
output of the OGCM simulation in section 2.3. In section 2.4, the hydrographic structures 
around an eddy are described by several shipboard observations, paying attention to the 
interaction between the eddy and ambient water masses. The statistical characteristic of 
spatial and temporal distribution of HVWSs associated with the mesoscale eddy is 
presented by analyzing the data from intensive profiling float observation in section 2.5. 
Conclusions of this chapter are given and characteristics of distribution of SMPs related 
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to mesoscale eddies are discussed in section 2.6. 
 
2.2 Data and Methods 
2.2.1 Observational data 
 Japan Agency for Marine-Earth Science and Technology (JAMSTEC) conducted an 
observation project called Western North Pacific Integrated Physical-Biogeochemical 
Ocean Observation Experiment (INBOX) to acquire observation data which have enough 
spatial/temporal resolutions and durations to capture mesoscale phenomena (Inoue et al., 
2016a). As part of INBOX, an intensive observation of selected eddies in the Kuroshio-
Oyashio mixed water region called Anticyclonic Eddy-INBOX (ACE-INBOX) was 
started in June 2012 (Inoue et al., 2016b). From June 6, 2012 to April 20, 2013, 18 floats 
were deployed in one eddy observed intensively during ACE-INBOX (hereafter referred 
to as EA: the eddy observed in ACE-INBOX); 4-8 floats were operated in the area at any 
time of the period. The detailed specification of the floats are listed in Table 2.1. All these 
floats had a conductivity-temperature-depth (CTD) sensor and measured pressure (p), 
temperature (T), and salinity (S) down to 1000 dbar with vertical resolutions of 5-20 dbar. 
Potential temperature (θ), potential density (σθ), and the planetary contribution of 
potential vorticity (Q) were calculated from T and S profiles and interpolated onto a 0.01σθ 






,          (2.1) 
where f is the Coriolis parameter, ρ is in situ density, and z is the vertical coordinate 
(positive upward). We used it to investigate the density stratification (Q is small in the 
weakly stratified layer).  
 During the observation period of the profiling floats, four series of hydrographic 
observations across EA were conducted. The first of the series was made as part of 
research cruise MR12-02 by R/V Mirai of JAMSTEC in June 2012 near the southwestern 
and southern edge of EA. The second of the series was made in January 2013 as part of 
cruise HK1301 by R/V Hokko-maru of the Hokkaido National Fisheries Research 
Institute, Japan Fisheries Research and Education Agency, toward the center of EA from 
its northwestern edge and towards its southwestern edge from its center. The third and the 
forth of the series were conducted in April 2013 as part of KH-13-3 by R/V Hakuho-maru 
of JAMSTEC. T and S data obtained by expendable CTD (XCTD) during these research 
cruises were also analyzed.  
 We used SSH and SSH anomaly (h′) data, produced by Segment Sol multimissions 
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d’ALTimétrie, d’Orbitographie et de Localization Précise/Data Unification and Altimeter 
Combination System (Ssalto/Duacs) and distributed by archiving, validation and 
interpretation of satellites oceanographic data (AVISO) project, with support from the 
Centre National d’Etudes Spatiales (CNES). The weekly data, provided on a 0.25° × 0.25° 
grid, were downloaded from the web site of AVISO (http://www.aviso.oceanobs.com). 
From h′, the Okubo-Weiss parameter (W) (Okubo, 1970; Weiss, 1991) was calculated to 
detect EA (Isern-Fontanet et al., 2003; 2006). For the horizontally non-divergent flow in 
the ocean, W is derived as  










] ,          (2.2) 
where x and y are zonal and meridional coordinates (positive eastward and northward, 
respectively), and u = −(g/f)(∂h′/∂y) and v = (g/f)(∂h′/∂x) are eastward and northward 
velocity anomaly components, where g is the gravitational acceleration. A core area of 
EA was specified with negative W below the threshold −2 × 10−12 s−2 (Chelton et al., 
2007) and then the area of EA core (SA) was calculated. Here, the radius of EA core (R) 
was defined as  
R = (SA/π)
1
2⁄ .          (2.3) 
We defined the center of EA as the maximum of h′ and calculated distance from the center 
to each float (d). Normalized distance from the center of EA, dn = d/R, was calculated to 
discuss distribution of intrusion structures and HVWSs relative to EA since its size varied 
in time.  
 
2.2.2 High-resolution realistic simulation 
 Along with these observational data described above, the output of the simulation 
with high-resolution of 1/30° in horizontal and 100 vertical levels from 2.5 m to 5870 m 
(Sasaki and Klein, 2012) using the realistic OGCM for the Earth Simulator (OFES; 
Masumoto et al., 2004; Komori et al., 2005; Masumoto, 2010) was analyzed in the present 
study. OFES is based on the Modular Ocean Model (MOM3; Pacanowski and Griffies, 
2000), developed at Geophysical Fluid Dynamics Laboratory/National Oceanic and 
Atmospheric Administration. The 1/30° realistic simulation has used the output of a 1/10° 
realistic simulation already in equilibrium as an initial state. This 1/10° simulation was 
spun up for 30 years using climatological forcing of Japanese 25-year Reanalysis (JRA-
25; Onogi et al., 2007) and then forced by surface wind stress, heat and fresh water flux 
estimated using 6-hourly JRA-25 with 1° horizontal resolution and integrated from 1979 
to 2003. In addition to the JRA-25 fresh water flux, restoring to the monthly mean sea 
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surface salinity of the World Ocean Atlas 2005 (WOA05) with restoring time scale of 15 
days was adapted. The output of the 1/10° simulation that correspond to January 1, 2000 
was used as the initial state for the 1/30° simulation. The forcing of the 1/30° simulation 
is the same as that of the 1/10° simulation mentioned above. We used the daily output 
data from 2001 to 2003. 
 
2.2.3 Detection of intrusions 
 The detection of intrusions is a key of the present study. We used diapycnal spiciness 
(π) curvature as an indicator of the local strength of intrusions (Shcherbina et al., 2009). 
The basis of this method lies in the fact that an intrusion appears as a point of increased 
curvature of a π-σθ diagram (Fig. 2.1).  
 π is defined through its differential  
 dπ = ρ(αdθ + βdS),          (2.4) 
where α = −ρ−1(∂ρ/∂θ) and β = ρ−1(∂ρ/∂S) are the coefficients of thermal expansion and 
saline contraction, respectively. Since construction of a particular globally consistent 
solution of Eq. (2.4) is not essential here, the formulation of Flament (2002) was used to 
calculate π. Then, diapycnal spiciness curvature (the second derivative of π with respect 







,          (2.5) 
was calculated at each σθ grid over the ± 0.02σθ interval. 
 Signs of πσσ are changed by intrusions of water mass with different type compared 
with ambient water, and πσσ profiles show extrema associated with cores of intrusions 
(Fig. 2.1). The cores of intrusions are detected as extrema of πσσ even though they appear 
as imperceptible inflection points in a vertical profile of π by adjusting the detection 
criteria explained later. This method has another advantage that there is no arbitrariness 
to choose the background field.  
 
2.3 Submesoscale filaments in OFES 
 In the output of OFES, an anticyclonic mesoscale eddy in the Kuroshio-Oyashio 
mixed water region, which is similar to EA (hereafter referred to as EO: the eddy observed 
in OFES), was detected and analyzed to investigate spatial and temporal distribution of 
SMPs relative to it. We focused on temporal evolution of EO during April-August 2001 
out of its total life span of about 8 months.  
 Figure 2.2 shows temporal evolution of relative vorticity field normalized by f at 2.5 
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m depth. EO is identified as the closed thick SSH contours centered at 145°E, 39.75°N in 
April 1 (Fig. 2.2a) with negative relative vorticity. EO tends to be accompanied by high 
absolute relative vorticity filaments around it, especially during deformation and 
interactions with other mesoscale eddies. An anticyclonic filament extends from south to 
northeast of EO during its meridional elongation (Figs. 2.2c-e). Strongly and rapidly 
evolving filaments are also generated by interaction with other eddies: a cyclonic one 
located west of EO in Figs. 2.2c-e and another located northeast of EO in Fig. 2.2h, and 
anticyclonic one located southwest of EO in Fig. 2.2g. Namely, vigorous filaments are 
generated in association with deformation of EO and its interaction with other eddies. The 
filaments evolving in the period of EO deformation are probably caused by unstable 
baroclinic waves, convergence and divergence associated with deformation of the 
mesoscale eddy (Spall, 1995), as previously reported around frontal zone in numerical 
experiment (Yoshikawa et al., 2012). The filaments associated with interactions between 
mesoscale eddies were generally observed in earlier numerical simulations (Klein and 
Lapeyre, 2009) and studied theoretically and numerically as frontogenesis (Hoskins, 
1982; McWilliams et al., 2009) and filamentogenesis (Gula et al., 2014).  
 We now show, as an example, the zonal cross section along 40.25°N in Fig. 2.2 
capturing interaction between EO and the western cyclonic eddy and the filament extends 
toward northwest in Fig. 2.3. The thick water of high temperature and salinity centered at 
144.5°E is the core of EO and the water of low temperature and salinity on its west side 
is the core of the western cyclonic eddy. A patchy intrusion structure of cold and fresh 
water is observed between the two eddies at the 200-500 m depth. Similar structures are 
also seen to the east of EO corresponding to the filament elongated toward northwest.  
 Mesoscale eddies yield filaments around them and the structures of filaments reaches 
deep layer. We thus expect that, in the real ocean, mesoscale eddies tends to accompany 
such submesoscale filaments and thereby create vertically small scale structures 
according to the three dimensional cascade theory. If this is the case, vertically small scale 
structures, or HVWSs may be observed around the periphery of eddies more frequently 
than other areas. In the next two sections, we reveal the existence of HVWSs and 
investigate their distribution by analyzing in situ data.  
 
2.4 Shipboard observations 
2.4.1 Evolution of EA and surrounding hydrographic structure 
 EA was born in early May 2012 and has experienced a series of interactions with 
surrounding eddies during ACE-INBOX. Inoue et al. (2016b) documented the 
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modification of its water properties over 19 months using the temporally/spatially dense 
observation. In this study, we focus on the temporal and spatial distribution of the HVWSs 
with regard to various stages of EA interacting with surrounding water masses. Notice 
that float deployments into and ejections from EA were described in detail by Inoue et al. 
(2016b). 
 In March 2012, prior to the beginning of the intensive observation by the profiling 
floats, a precursor eddy of EA was recognized around 41.0°N, 147.5°E as weak positive 
SSH anomaly (Inoue et al., 2016b). On April 18, strong eddies southeast and southwest 
of the precursor eddy elongated toward it and started to interact with each other. The 
precursor eddy absorbed part of these eddies and was strengthened, which was indicated 
by its higher SSH than that before the interaction; EA was pinched off from the two eddies 
in May 9, 2012 around 40.5°N, 146.75°E (Fig. 2.4a).  
 On June 6, one month after the interaction described above, eight floats were 
deployed into EA during the research cruise MR12-02 (Fig. 2.4b). EA at around 41.0°N, 
147.0°E was isolated and propagated northeastward for the following three months. In 
early October, EA at around 42.0°N, 148.0°E elongated toward an eddy to the southwest 
(Fig. 2.4c), and part of EA was absorbed by the southwest eddy. EA was pulled toward 
southwest during this interaction, and then it remained at around 41.5°N, 147.5°E and 
was isolated again. During this period, four floats were detrained from EA.  
 While the two more floats were ejected in early January 2013 likely because of the 
reduction of the influence of rotational flow, additional four floats were deployed into EA 
during the cruise HK1301 (Fig. 2.4d). Observation was continued with 5 or 6 floats at 
any time until April 6. In early March, interaction between EA and an eddy to the south 
started, and EA was pulled toward south. At about this point, EA appears to have been 
weakened substantially by judging from comparison between the associated SSH with 
that of ambient field.  
 Additional two floats were deployed into EA during the cruise KH-13-3 on April 5-
6 (Fig. 2.4e). On April 17, EA was completely absorbed by the eddy elongating from the 
southwest on SSH map (Fig. 2.4f). However, as shown below, hydrographic section on 
April 18 (Fig. 2.4f) clearly captured the structure of EA. Because the float positions from 
April 14 to April 20 were also plotted on the same map, the analysis period of this study 
is from June 6, 2012 to April 20, 2013.  
 Now we show hydrographic sections from the four ship surveys to illustrate water 
mass structures of EA (Fig. 2.5). The first survey was conducted along the southwestern 
and southern edge of EA on June 4-5, 2012 (Fig. 2.5a). Patches of cold/fresh water were 
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detected in the subsurface layer at 100-700 dbar. We judge such patchy structures as 
HVWSs. The water temperature was colder than 2°C and the salinity was fresher than 
33.5, suggesting the presence of intrusion of the Oyashio water (Shimizu et al., 2001). 
Around 50-100 dbar, on the other hand, water mass warmer and more saline than ambient 
water was observed. As described later in section 2.5, such warm and saline water mass 
was also seen in float time series continuously.  
 A cross section toward the center of EA from its northwestern edge and another 
toward its southwestern edge from its center were made on January 24-25, 2013 (Fig. 
2.5b). They showed warmer (θ ≈ 7°C) and more saline (S ≈ 33.8) water than the ambient 
water from the surface to the depth of 26.6σθ. On the other hand, cold (θ ≈ 2°C) and fresh 
(S ≈ 33.5) water was observed around the depth of 26.8σθ. This structure is common in 
those of other anticyclonic mesoscale eddies reported in the western boundary region of 
the subarctic North Pacific (e.g. Yasuda et al., 1992; Itoh and Yasuda, 2010b; Itoh et al., 
2011), which have vertically aligned two cores in the upper and intermediate layers: the 
upper one is often outcropped to the surface and characterized by warm/saline water; the 
lower one is around 26.7σθ as cold/fresh water. The patches of cold/fresh water were also 
found at the periphery of EA in common with the first shipboard observation.  
 The third observation was conducted toward the center of EA from its western edge 
on April 5-6, 2013 (Fig. 2.5c), which was during the interaction with the south eddy. A 
warm (θ ≈ 12°C) and saline (S ≈ 34.4) streamer was detected along the edge of EA. The 
remarkable warm streamer (above 26.6σθ) was accompanied by HVWSs below. The 
anticyclonic structure having the double-core waters and the streamer surrounding EA 
were also obvious in the section observed on April 18 (Fig. 2.5d), while EA was not 
recognized on the SSH map, probably because of low resolution of the SSH data (Fig. 
2.4f).  
 Let us mention that the value of dn ~ 1.5 is chosen as a criterion of the edge of EA 
by comparing with interior structure of EA. This is probably because interior eddy 
structure is larger than that defined by W, which is calculated as strong vorticity field by 
sea surface geostrophic velocity. The criterion of edges of eddies is comparable to that of 
Zhang et al. (2013), using the same detection method globally. 
 
2.4.2 Detection of HVWSs 
 In the previous subsection, HVWSs were found around EA edge in the θ and S cross 
sections. In order to highlight their distribution, we introduce the indicator of intrusion 
structures, the second derivative of spiciness with respect to potential density (πσσ). Before 
32 
 
proceeding to analyze intrusion structures around EA, we check performances of the 
indicator. Let us show several examples of π and πσσ profile in float data (Fig. 2.6). In the 
range of 26.4-26.45σθ of Fig. 2.6a, no intrusion structure is obvious in π profile. However, 
the πσσ profile shows large |πσσ|. Though such large |πσσ| signals generally indicate sharp 
intrusions, we judged this large |πσσ| to be a false signal. Comparison of the Q profile with 
the πσσ profile shows that these signals are in the part of low Q (nearly 4.0 × 10−11 m−1 
s−1). Low Q means that the vertical gradient of σθ is extremely small. Quite large |πσσ| 
signals are calculated in layers having the extremely weak density stratification since πσσ 
goes to infinity (cf. Eq. (2.5)). Therefore, large |πσσ| values with low Q are not signals of 
intrusion structures but are false signals.  
 Intrusion structures with thick low Q (< 6.0 × 10−11 m−1 s−1) are occasionally 
observed in 26.7-26.8σθ (Fig. 2.6b). They seem to correspond to presence of cold/fresh 
water and direct lateral entrainment of water into the intermediate layer from the Sea of 
Okhotsk with timescale of months (Itoh et al., 2011). The timescale of these intrusions 
will be shown in the next section with float time series. Since the typical temporal scale 
of SMPs is O(1) day, we do not regard such large |πσσ| with low Q in 26.7-26.8σθ as signals 
of intrusion structures caused by SMPs.  
 Large |πσσ| signals with moderate values of Q, for example, are found around 26.53, 
26.55, 26.59, 26.64 and 26.67σθ in Fig. 2.6c, and 26.71, 26.73 and 26.82σθ in Fig. 2.6d 
and generally correspond to the intrusion structures of different type of water mass in π 
profile. Parts of πσσ > 0 and πσσ < 0 indicate the intrusion structures of cold/fresh and 
warm/saline water into background stratification, respectively. Thickness of an intrusion 
structure is defined as the vertical distance between two points at intersection of πσσ 
profile with πσσ = 0 line, which enclose one crest of πσσ. In the following analysis, large 
|πσσ| signals with moderate Q values are regarded as structures. We examine their 
distributional with respect to EA with providing estimation of their thickness.  
 The spatial distribution of intrusion structures detected by the indicator defined 
above in the four hydrographic cross sections is displayed in Fig. 2.7. Large |πσσ| values 
are found in most part of the section running along the edge of EA (Fig 2.7a). Note that 
the edge of EA is depicted by dn ~ 1.5. In Fig. 2.7b, on the other hand, large values tend 
to be localized near the edge of EA. The signals of sharp intrusions are also found in the 
sections in April 2013 (Fig 2.7c) below the significant warm streamer. Thick and large 
|πσσ| from the sea surface to the depth of 26.6σθ in Fig. 2.7b and from the depth of 26.6σθ 
to 26.7σθ in Figs. 2.7c and d are judged to be false signals in low Q water masses on the 
basis of comparison with distribution of Q.  
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 The observational evidences of HVWSs were found in the snapshots around the 
periphery of the eddy associated with patchy structures of water masses. In the high-
resolution OFES simulation, on the other hand, the periphery of mesoscale eddies were 
abundant with submesoscale filaments (cf. section 2.3). These results together suggest 
that HVWSs correspond to patchy intrusion structures, or submesoscale filamentary 
structures, which form high horizontal wavenumber structures at the periphery of 
mesoscale eddies. This suggest that three dimensional cascade is active at the periphery 
of eddies and thus supports numerical demonstration by Klein et al. (1998). In the next 
section, distribution of HVWSs relative to EA is investigated statistically by the profiling 
float data; characteristics in distribution of SMPs is deduced. 
 
2.5 Statistical distribution of HVWSs 
 Large |πσσ| values presumably indicate intrusion structures which are sharp and are 
not dissipated yet. Distribution of the large |πσσ| provides valuable information on that of 
intrusion structures and therefore SMPs in the light of the three dimensional cascade 
theory. We determine a threshold of |πσσ| to extract sharp intrusion structures as described 
below. Visual inspection of all 3714 π and πσσ profiles showed that sharp intrusions were 
detected as extrema of |πσσ| lager than about 100 m3 kg−1. The rate of these large |πσσ| 
extrema against all extrema was about 20%: each profile had 54 extrema and 11 sharp 
intrusions on average. We defined extrema of 100 m3 kg−1 ≤ |πσσ| as sharp intrusions. 
Since this criterion is rather arbitrary, we will check sensitivity of our results to the choice 
of thresholds later.  
 The examination of the synoptic hydrographic sections suggested that HVWSs with 
sharp intrusions were distributed along the edge of the mesoscale eddy more frequently 
than near its center. Some of those HVWSs were associated with streamer. On the basis 
of the three dimensional cascade theory, analysis of the output of OFES implied that such 
HVWSs would be observed during the deformation of eddies and the interaction with 
ambient flows or eddies because filamentary SMPs were vigorous during these period. In 
order to verify these ideas, we examine spatial/temporal distribution of HVWSs 
comprised of sharp intrusions relative to EA by using profiling float data. In the following 
analysis, “sharp intrusions” with Q < 6 × 10−11 m−1 s−1 are eliminated to remove false 
signals in low Q. 
 Typical time-depth sections of the profiling floats are shown in Fig. 2.8 to 
demonstrate evolution of interior structure in/around EA. These two profiling floats with 
serial number 8350 and 8362 were drifted in/around EA throughout the intensive 
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observation period. As a preparation for examination of the time series of these two floats, 
we first check statistical relationship between dn and depths of 26.8σθ with all profiles 
(Fig. 2.9). The statistical relationship supports the notion that the criterion of the periphery 
of EA is dn ~ 1.5 based on the synoptic observations (Fig. 2.5). We confirmed that the 
statistical relationship between dn and 26.6σθ or 26.8σθ was similar (not shown). Let us 
now see development of interior structure in/around EA. The saline water observed in the 
hydrographic cross section in June 2012 (Fig. 2.5a) was seen from the beginning of the 
observation to January 2013 around 50-100 dbar. After the winter mixed layer was 
deepened, the saline water was mixed with ambient water and vanished. Therefore, the 
saline water around 50-100 dbar in Figs.2.5a and 2.8 was not intrusion structures but was 
just water mass which covered the seasonal pycnocline during summer and autumn. 
These structures were certainly filtered out by applying the threshold of 100 m3 kg−1 ≤ 
|πσσ| and not detected as sharp intrusions. The double-core structure in the hydrographic 
section in January 2013 (Fig. 2.5b) was obvious throughout the time series. The time 
series of float 8350 showed the thick upper warm/saline core especially while the float 
was drifted near the center of EA (see dn in Fig. 2.8a). The float 8362, on the other hand, 
captured thickening, cooling and freshening of the lower cold/fresh core during December 
2012 to April 2013 (Fig. 2.8b). The float was drifted near the center of EA during the 
period. The cold and fresh intermediate water was probably water of the Sea of Okhotsk 
directly penetrating into the layer of 26.6-26.8σθ as reported by Itoh et al. (2011).  
 To elucidate spatial distribution of HVWSs with sharp intrusions relative to EA 
statistically, an occurrence rate of sharp intrusions for each dn class was calculated with 
all profiles by dividing the sum of the thickness of sharp intrusions by that of total 
observed thickness. Specifically, thickness of each strong intrusion was estimated as the 
difference between two points at intersection of πσσ profile with πσσ = 0 line immediately 
below and above an extremum of 100 m3 kg−1 ≤ |πσσ|. The thickness was then integrated 
for each 0.3 dn class; the sum of the sharp intrusion thickness in each class was calculated. 
The depth range in which the thickness of strong intrusions was integrated was from the 
sea surface to the depth of 27.2σθ in order to detect intrusions in the whole range affected 
by EA flow. The sum of observed thickness was calculated by integrating thickness 
between the sea surface and the depth of 27.2σθ in each dn class. Figure 2.10 demonstrates 
that HVWSs with sharp intrusions are distributed frequently around dn = 1.5-2.1, which 
corresponds to the criterion of the edge of EA (Fig. 2.9), compared with the area near its 
center. In the light of the three dimensional cascade theory, the periphery of EA is rich in 
SMPs. Note that the relative distribution of the occurrence rate against dn does not change 
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when smaller (80 m3 kg−1 ≤ |πσσ|) or larger (120 m3 kg−1 ≤ |πσσ|) threshold is used (dashed 
and dotted lines in Fig. 2.10).  
 Figure 2.11 shows an occurrence rate of the sharp intrusions in each month. In order 
to depict the temporal variation of the intrusions in/near EA, the rate was calculated in 
the wide range of 0.0 < dn < 2.4. The estimation method was the same as that for each dn 
class in Fig. 2.10, but for each month. The number of sharp intrusions degrease gradually 
throughout the intensive observation period. In addition to the decreasing trend, 
occasional increases happened during and after interactions with surrounding eddies, in 
October-December 2012 and March 2013 (cf. Fig. 2.4). The variation of the SSH of the 
EA center in Fig. 2.11 shows the correspondence between the rapid weakening periods of 
EA due to interaction with surrounding eddies and the increasing periods of sharp 
intrusions (in October-December 2012 and March 2013). Meanwhile, in the steady and 
gradually weakening period of the SSH at EA center, which corresponds to quasi-isolated 
phase of EA, the number of sharp intrusions decreased. The analysis of the output of 
OFES illustrated that the submesoscale filaments were active during the deformation of 
eddies and interaction with water masses (section 2.3). These observational and simulated 
results suggest that submesoscale activity varies in association with evolution and 
interaction of a related mesoscale eddy. The temporal variation of the number of HVWSs 
relative to the evolution and decay of EA is discussed in the following section. 
 
2.6 Discussion and conclusions 
 We analyzed the data obtained by the intensive float and shipboard observation of 
the anticyclonic mesoscale eddy along with the satellite observation data and the output 
of the high resolution OFES in order to investigate spatial and temporal distribution of 
HVWSs with sharp intrusions in relation to the mesoscale eddy. The observational and 
simulated results suggested that the three dimensional cascade associated with eddies is 
active and therefore supported results in the numerical simulation demonstrated by Klein 
et al. (1998). Thus, the distribution of HVWSs are interpreted as that of SMPs. 
 As the indicator of intrusion structures, diapycnal π curvature, the second derivative 
of π with respect to σθ, was used. In the quite low Q layer, there occurred particularly high 
|πσσ| values which did not correspond to sharp intrusions in π profile. These were judged 
to be false signals because of the divergent tendency of Eq. (2.5). After eliminating the 
signals with the low Q, sharp intrusion structures were certainly detected by extracting 
high |πσσ| signals with pertinent threshold.  
 The HVWSs with sharp intrusions detected from shipboard observation data were 
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found near the EA edge more frequently than near its center. The similar distribution 
tendency was revealed by using profiles of floats statistically. Moreover, the analysis of 
the output of the high resolution OFES clarified that mesoscale eddies are usually 
surrounded by submesoscale filaments and the filaments reached the ocean interior 
though there was a difference in the thickness of intrusion structures between in situ data 
and the output of the simulation (compare patchy water masses in Figs. 2.3 and 2.5). The 
difference is perhaps caused by the lack of vertical resolution of simulation. Taking into 
account the three dimensional cascade theory, the distribution of observed HVWSs and 
filamentary structures in the simulated ocean together suggests that SMPs associated with 
mesoscale eddies are distributed at the periphery of mesoscale eddies more frequently 
than near their center in the real ocean. 
 The time series of the occurrence rate of sharp intrusions in/near EA revealed the 
occasional increase of HVWSs upon continuing decrease trend throughout the intensive 
observation period. The depth of 26.8σθ, indicating the main pycnocline, exhibited the 
shoaling trend from approximately 500 dbar to approximately 450 dbar during the 
intensive observation period though the first four months were a steady period (Fig. 2.12). 
Such trend was likely caused by the weakening of EA generally called spin-down (Flierl 
and Mied, 1985; Itoh et al., 2011). The overall decreasing trend was also seen in the time 
series of the SSH of the EA center (Fig. 2.11). These implies that the number of HVWSs 
with sharp intrusions decreased because EA decayed throughout the observation period, 
suggesting that SMPs associated with mesoscale eddies become inactive in relation to the 
general decay of the eddies.  
 The highest occurrence rate was found in June 2012, the beginning of ACE-INBOX, 
one month after the absorption of the strong southeast and southwest eddies into the 
precursor eddy of EA (Figs. 2.4a, 2.11). The increases of the rate were also obvious after 
part of EA was absorbed by other eddies (in October-December 2012 and March 2013); 
the rate was high in/around EA after interaction with ambient water mases. In the analysis 
of the output of OFES, on the other hand, filamentary structures were at the periphery of 
the mesoscale eddy triggered by eddy-eddy interaction (Figs. 2.2, 2.3). These imply that 
SMPs associated with a mesoscale eddy are vigorous during the interaction between the 
eddy and ambient water masses. 
 The monthly rate divided into the dn classes (colored bar in Fig. 2.11) revealed that 
the rate in each interaction period was distributed in different dn classes. In June 2012, 
after the absorption of ambient water mass by the precursor eddy of EA, the HVWSs were 
observed relatively inside of EA (0.6 ≤ dn < 1.2). In the remaining two periods, in October-
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December 2012 and March 2013, on the other hand, the rate was high around the edge of 
EA (1.2 ≤ dn < 2.4). In these two period, part of EA was absorbed into the other eddies 
(Fig. 2.11). These results suggest the difference in location of HVWSs relative to EA 
depends on the types of interaction: the number of HVWS is large inside the eddy after 
absorbing ambient water mass probably because eddies entrain the water mass into their 
inside and the water mass causes high horizontal wavenumber structures there; HVWSs 
are distributed more frequently around edges of eddies after part of EA is absorbed by the 
ambient water mass since the influence of the interaction is confined around its periphery. 
In light of the three dimensional cascade theory, the distribution of HVWSs implies that 
SMPs are vigorous inside eddies when those eddies entrain the surrounding water mass 
whereas SMPs are distributed mainly at the periphery of eddies when part of them is 
absorbed. 
 The ocean is filled with SMPs according to both numerical simulations and satellite 
SST and ocean color observations in association with oceanic fronts and mesoscale eddies. 
We developed new methodology to describe temporal/spatial distribution of SMPs by 
using HVWSs as their traces on the basis of the three dimensional cascade theory and 
applied it to SMP distribution relative to a mesoscale eddy by using profiling floats 
deployed intensively in the eddy. Under the international Argo program, profiling floats 
have been deployed in the global ocean since 2000 (Riser et al., 2016). For the recent ten 
years, the horizontal resolution of the Argo network became about 300 km. The dense 
observation network has been maintained over the global ocean and stored temperature 
and salinity profile data down to 2000 dbar depth. If HVWSs caused by SMPs are 
universal features in the global ocean, regional-/basin-scale their statistical distribution 
are possibly examined by the Argo data. To address this issue, we will apply the detection 
method of HVWs to global Argo floats in future, which would reveal regional-/basin-





Table 2.1. Float deployment during ACE-INBOX. 









7591  2012.06.06 41.226 146.922  
7714  2012.06.06 41.367 146.647  
7715  2012.06.06 41.229 146.919  
8350  2012.06.06 41.133 147.014  
8356  2012.06.06 41.364 146.650  
8358  2012.06.06 40.878 147.324  
8362  2012.06.06 41.130 147.017  
8363  2012.06.06 41.404 146.289  
7669  2012.09.03 40.691 144.856 Deployed in  
western eddy 
7677  2012.09.03 40.688 144.856 Deployed in  
western eddy 
7733  2012.09.04 40.688 144.856 Deployed in  
western eddy 
8376  2012.09.04 41.691 144.857 Deployed in  
western eddy 
7664  2013.01.24 41.652 146.679  
7718   2013.01.24 41.667 146.684  
8345  2013.01.24 41.670 146.671  
8366  2013.01.24 41.664 146.677  
7719  2013.04.06 41.143 147.219  









Figure 2.1. An example of vertical profile of (a) spiciness (π) (kg m−3) and (b) diapycnal 









Figure 2.2. Time series of relative vorticity field normalized by Coriolis parameter (f) at 
2.5 m depth with (a)-(c) and (e)-(i) 20-day, and (c)-(e) 2-day interval. Black thin lines 











Figure 2.3.  Zonal sections of (a) potential temperature (°C) and (b) salinity along 
40.25°N capturing the interaction with western cyclonic eddy and the eastern filament 
surrounding EO on May 13, 2011 (cf. Fig. 2.2d). Black thin contours denote potential 
density (σθ) of 0.1σθ intervals and thick ones denote 26.7σθ and 27.0σθ isopycnals. Depth 






Figure 2.4. Positions of floats (colored circles and squares) and ship survey (black 
triangles) on the sea surface height (SSH) maps in (a) May 9, 2012 (before deployment 
of floats); (b) June 6, 2012; (c) October 10, 2012; (d) January 23, 2013; (e) April 10, 
2013; and (f) April 17, 2013. The positions on the closest 7 days to each SSH map are 





Figure 2.5. Hydrographic sections of EA during cruise (a) MR1202 in June 2012, (b) 
HK1301 in January 2013, and (c), (d) KH1303 in April 2013. (middle) Potential 
temperature (θ), (bottom) salinity (S) cross sections, and (top) the dynamic height (black 
lines) and the normalized distance (dn) (gray lines) are shown. Color shading with grey 
contour lines denotes θ and S, black lines denote potential density and thick ones denote 
26.7σθ and 27.0σθ isopycnals. Contour intervals are 0.5°C for potential temperature, 0.1 
for salinity, and 0.1σθ for potential density. Note that dn in (d) are not shown since it is 








Figure 2.6. Examples of vertical profiles of (left) spiciness (π) (kg m−3) and (right) 
diapycnal spiciness curvature (πσσ) (m3 kg−1) having (a) false signal with low potential 
vorticity (Q), (b) large scale and long term intrusion structure with low Q, and (c), (d) 









Figure 2.7. As for Fig. 2.5, but for diapycnal spiciness curvature (πσσ). Isolines of 








Figure 2.8. Time series of (middle) potential temperature and (bottom) salinity observed 
by profiling floats of serial number (a) 8350 and (b) 8362. The normalized distances (dn) 
are shown at the top. Temperature and salinity are shown by color shading with gray 
contours, and black thin contour lines denote potential density with contour interval of 
0.1σθ and thick ones denote 26.7σθ and 27.0σθ isopycnals. Note that it is difficult to define 
dn during October 2012 and April 2013 (gray circles and lines in dn) since the interaction 










Figure 2.9. Relationship between normalized distance (dn) and depths of 26.8σθ from July 
to September 2012. Solid line represent the average of the depths in every 0.2 of dn class 










Figure 2.10. Occurrence rate of the strong intrusion of each 0.3 normalized distance (dn) 
class. Dotted line, solid line, and broken line denote the rate of 80 (m3 kg−1) < |πσσ|, 100 
(m3 kg−1) < |πσσ|, and 120 (m3 kg−1) < |πσσ|, respectively. Note that the float data with Q < 
6.0 × 10−11 m−1 s−1 are not contained because of their low vertical density gradient. The 
data during October 10-November 10, 2012 and March 10-April 20, 2013 are also 
eliminated since it is difficult to define the normalized distance dn due to the interaction 









Figure 2.11. As for Fig. 2.10, but for each month in the range of 0.0 < dn < 2.4. The 
colored bars denote the division of each monthly rate into each dn class. The time series 
of the SSH (cm) of the EA center is shown at the top. Note that it is difficult to define the 
normalized distance dn and EA center during October 10-November 10, 2012 and March 
10-April 20, 2013 (gray circles and lines) since the interaction between EA and ambient 
water masses is active. The gray curve of SSH before the generation of EA denotes that 











Figure 2.12. Depths of isopycnal surfaces of 26.8σθ in the range of 0.8 < dn <1.0. Note 
that it is difficult to define the normalized distance dn during October 2012 and April 2013 






Distribution of high vertical wavenumber structures in the 
Kuroshio-Oyashio and their extension region  
 
3.1 Introduction 
 Oceanic submesoscale phenomena (SMPs) with horizontal length scales of O(0.1-
10 km) and temporal scales of O(1) day are ubiquitous in association with strain field 
driven by large-scale fronts and mesoscale eddies according to previous studies mainly 
using high-resolution simulations and models (Lapeyre and Klein, 2006; Sasaki and Klein, 
2012; Gula et al., 2015). Numerical results also indicated that SMPs played a key role in 
the vertical transport of biogeochemical properties such as CO2 and nutrient (Klein and 
Lapeyre, 2009; Perruche et al., 2011; Lévy et al., 2012; Mahadevan, 2016). Moreover, 
SMPs provide a dynamical conduit for energy transfer from mesoscale eddies to 
microscale dissipation (Capet et al., 2008a; D’Asaro et al., 2011). 
 While the distribution and the importance of SMPs have been revealed by recent 
numerical studies, there are only a few observational studies (Legal et al., 2007; D’Asaro 
et al., 2011; Thomas et al., 2013; 2016) because of their spatial and temporal small-scale 
characteristics. In particular, none of the observational studies investigate the regional-
/basin-scale distribution of SMPs. It is now an essential issue to clarify their distribution 
by in situ data. 
 Under the international Argo program, profiling floats have been deployed in the 
global ocean since 2000 (Riser et al., 2016). For the recent ten years, the horizontal 
resolution of the Argo network became about 300 km. The dense observation network 
has been maintained over the global ocean and stored vertically high-resolution 
temperature and salinity profile data down to 2000 m. At the same time, we can obtain 
information about the horizontal flow field at the surface from satellite altimetry though 
its resolution is at most mesoscale-resolving and not enough to resolve SMPs.  
 SMP is defined by only a horizontal length scale of current and therefore several 
phenomena such as mixed layer instabilities (Boccaletti et al., 2007; Fox-Kemper et al., 
2008), frontogenesis/filamentogenesis (F/F) (Hoskins, 1982; McWilliams et al., 2009; 
Gula et al., 2014), and secondary instabilities (Hoskins, 1974; McWilliams et al., 1998; 
Thomas et al., 2013) are classified SMPs. F/F is generated by the strain flow driven by 
large-scale/mesoscale currents and affect not only surface layer but also ocean interiors 
(Hoskins, 1982; McWilliams et al., 2009). Thus if we can link surface horizontal flow 
field and interior vertical profiles affected by F/F, their distribution is possibly examined 
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by Argo data along with satellite data. 
 Klein et al. (1998) developed a key dynamical framework to connect horizontal and 
vertical information, the three dimensional cascade theory. Their quasi-geostrophic (QG) 
stratified turbulent model demonstrated that the vertical wavenumber of any tracer can 
grow where its horizontal wavenumber is large: horizontal gradient of a tracer can grow 
exponentially in strain-dominated area and vertical one grows by the product of horizontal 
gradient and vertical shear of horizontal velocity.  
 In Chapter 2, we examined the validity of the three dimensional cascade theory in 
the real ocean by analyzing observed data acquired by profiling floats deployed in a 
mesoscale eddy and the output of the high-resolution realistic simulation along with the 
shipboard and satellite observation data. In order to investigate the distribution of F/F, 
which is one form of the SMPs, in a wide area on the basis of the three dimensional 
cascade theory, the similar detection method of high vertical wavenumber structures 
(HVWSs) is applied to Argo float data in the Kuroshio-Oyashio and their extension region. 
We examine the relationship between HVWSs and the dominance of strain/eddy flow and 
discuss causes of their statistical distribution. 
 The remainder of this chapter is organized as follows. The Argo float data and 
detection method of HVWSs and strain-/eddy-dominated area are outlined in section 3.2. 
Horizontal distribution of HVWSs and vertical distribution of intrusion structures are 
examined in section 3.3. Causes of statistical distribution of HVWSs and the distribution 
of SMPs are discussed and summarized in section 3.4. 
 
3.2 Data and method 
 We used temperature (T) and salinity (S) data obtained by Argo profiling floats (Oka 
et al., 2007), from 2000 to 2012 in the Kuroshio-Oyashio and their extension region (from 
135°E to 160°E and from 30°N to 45°N). Over 93%, 92%, and 95% (70%) of all the 
profiles have vertical resolutions of higher than 10 dbar, 20 dbar, and 50 dbar (30 dbar) 
in the range of 0-100 dbar depth, 100-500 dbar depth, and below 500 dbar depth, 
respectively. After interpolating the observed data to 1-dbar-interval levels and applying 
31-dbar Hanning filter, potential temperature (θ) and potential density (σθ) were 
calculated from T and S profiles and interpolated onto a 0.02σθ vertical grid by using 
Akima spline (Akima, 1970).  
 Absolute sea surface height (SSH) and SSH anomaly (h′) data, produced by Segment 
Sol multimissions d’ALTimétrie, d’Orbitographie et de Localization Précise/Data 
Unification and Altimeter Combination System (Ssalto/Duacs) and distributed by 
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archiving, validation and interpretation of satellites oceanographic data (AVISO) project, 
with support from the Centre National d’Etudes Spatiales (CNES) were also used. The 
weekly data, provided on a 0.25° × 0.25° grid, were downloaded from the web site of 
AVISO (http://www.aviso.oceanobs.com).  
 The Okubo-Weiss parameter (W) (Okubo, 1970; Weiss, 1991) was used to detect 
eddy- and strain-dominated area (Fig. 3.1). This parameter is defined as  
W = σn
2 + σs
2 − ω2, 
where σn = ∂xu - ∂yv and σs = ∂xv + ∂yu are the normal and shear components of strain, 
ω = ∂xv - ∂yu is the relative vorticity, and x and y are zonal and meridional coordinates 
(positive eastward and northward, respectively). For the horizontally nondivergent flow 
in the ocean, W is derived as  











The eastward and northward velocity components are estimated from h′ as u = 
−(g/f)(∂h′/∂y) and v = (g/f)(∂h′/∂x), where g is the gravitational acceleration. The positive 
and negative values of W indicate the dominance of strain and eddy flow, respectively.  
 We used diapycnal spiciness (π) curvature as an indicator of the local strength of 
intrusions (Shcherbina et al., 2009). The basis of this method lies in the fact that intrusions 
correspond to the point of increased curvature of a π-σθ diagram (Fig. 3.2).  
 π is defined through its differential  
 dπ = ρ(αdθ + βdS),          (3.1) 
where α = −ρ−1(∂ρ/∂θ) and β = ρ−1(∂ρ/∂S) are the coefficients of thermal expansion and 
saline contraction, respectively. Because construction of a particular globally consistent 
solution of Eq. (3.1) is not essential here, the formulation of Flament (2002) was used to 
calculate π (Shcherbina et al., 2009). Then, diapycnal spiciness curvature (the second 








was calculated for each depth in a ±0.02σθ band. We chose thresholds of πσσ to define 
criterion of sharp intrusions. 
 Number of sharp intrusions in a profile (Ns) was counted. We used thresholds of Ns 
to detect profiles which observed HVWSs. 
 
3.3 Results 
3.3.1 Horizontal distribution of HVWSs 
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 Visual inspection of π and πσσ profiles found that sharp intrusions were extracted by 
detecting extrema of |πσσ| larger than about 40 m3 kg−1. The rate of these extrema with 
respect to all extrema was about 2.4%: each of all the 20612 profiles has 140 extrema and 
3.3 sharp intrusions on average. 
 The threshold of Ns was defined as 5; profiles which have more than 5 sharp 
intrusions are defined as profiles which observed HVWSs. About 36% of all the profiles 
observed HVWSs. 
 We show the horizontal distribution of HVWSs against W in the region from 135°E 
to 160°E and from 30°N to 45°N (Fig. 3.3). Negative (positive) values of W indicate eddy-
dominated (strain-dominated) area. The histogram has a peak near W ~ 0. This is probably 
because the small absolute values of W occur much wider area beyond the strain-/eddy-
dominated areas. To explore a general tendency of the distribution of HVWSs, we 
calculated their statistical properties. The mean value of W was 16.7 × 10−12 s−2 and the 
skewness was −0.13. This result indicates that HVWSs are distributed asymmetrically 
and skewed toward the strain-dominated area.  
 
3.3.2. Dependency on criteria and regions  
 Statistical analysis in the previous subsection revealed that HVWSs were observed 
in the strain-dominated area more frequently than the eddy-dominated area with specific 
threshold. However, thresholds to define sharp intrusions and HVWSs are arbitrary. 
Hence, we examine how the distribution of HVWSs depends on these criteria. Moreover, 
the analyzed area contains several regions with different background water masses, flows, 
and their variability. Thus, we also investigate regional dependency of the distribution by 
separating the analyzed region into three subregions: the southern region of the Kuroshio 
Extension (KE) from 135°E to 160°E and 30°N to 35°N, the norther region of the KE 
from 135°E to 160°E and 35°N to 38°N, and the Oyashio region from 135°E to 160°E 
and 38°N to 45°N. 
 Histograms of the number of HVWSs with different thresholds were examined from 
0 to 150 m3 kg−1 in 10 m3 kg−1 intervals for thresholds of |πσσ| and from 1 to 20 in 1 interval 
for that of Ns in each subregion (not shown). The shape of these histograms resembled 
that of Fig. 3.3: the number of HVWSs had a single peak near W ~ 0 and gradually 
decreased toward strong eddy- and strain-dominated area. 
 The mean value and skewness was calculated for each histogram in each subregion 
to reveal distribution of HVWSs with different criteria and background statistically. 
Figure 3.4 shows the distribution map of the mean value and the skewness in relation to 
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threshold of |πσσ| and Ns in three subregions. In the southern region of the KE, the mean 
values become large with increasing threshold of |πσσ| and Ns (Fig. 3.4a). This distribution 
tendency is common to all subregion (Fig. 3.4a-c). The skewness distribution map in the 
southern and the northern regions of the KE show negative value coherently (Fig. 3.4d, 
e). These mean and skewness distribution maps in the southern and the northern region 
of the KE indicated that sharp intrusions and HVWSs tend to be concentrated in the strain-
dominated area. These maps also suggest that the distribution trend of HVWSs is 
essentially unchanged over the range of the thresholds from 0 to 80 m3 kg−1 for |πσσ| and 
from 0 to 10 for Ns in these two subregions. 
 In the Oyashio region, on the other hand, though the shape of the distribution of the 
mean values are similar to the other two regions, the mean values are relatively small 
compared with those in the other two subregions (Fig. 3.4a-c). In addition, positive values 
of skewness are found depending on the thresholds (Fig. 3.4f). These features suggest that 
an asymmetric character of HVWSs distribution is weak and HVWSs are skewed toward 
eddy-dominated area with particular thresholds in this subregion. This is not consistent 
with an expectation that HVWSs are distributed in the strain-dominated area where 
horizontal wavenumber of tracers increases dramatically. 
 
3.3.3 Vertical distribution and thickness of intrusion structures 
 The detection method using |πσσ| threshold extracts sharp intrusions with any 
thickness. To reveal differences of characteristics of intrusions in the three subregions, 
we examine vertical distribution of intrusion thickness statistically. The thickness of 
intrusions is defined the vertical distance between two points at intersection of πσσ profile 
with πσσ = 0, which constitute one crest of πσσ. 
 The number of sharp intrusions detected with the threshold of |πσσ| larger than 40 m3 
kg−1 were integrated for each 50 dbar class from 0 to 800 dbar in the analyzed region 
(from 135°E to 160°E and from 30°N to 45°N) (Fig. 3.5). The number of sharp intrusions 
in the 150-200 dbar class is largest and decreases with depth: that in the 150-200 dbar 
class is 8756 and that in the 750-800 dbar class is 3051. The shape is common in all the 
three subregions: the maximum is in a class from 50-100 to 150-200 dbar and gradually 
decreases with depth (not shown). About 30%, 20%, and 40% of the sharp intrusions were 
in the southern and the northern region of the KE and in the Oyashio region, respectively. 
More than 55% of them were observed in the strain-dominated area in each subregion. 
 Relative frequency of intrusion thickness at each depth class was calculated in each 
subregion separately for strain- and eddy-dominated area. Figure 3.6 shows that in the 
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northern region of the KE and in the Oyashio region. Relative frequency in the southern 
region of the KE (not shown) was similar to that in the northern region of the KE (Fig. 
3.6a). Relatively thin intrusion structures are abundant near the surface in both subregions 
and flow fields. In the intermediate layer, on the other hand, intrusions with thickness of 
50-100 dbar are detected in the Oyashio region more frequently than in the other 
subregion. Moreover, the thick intrusions are observed frequently in the eddy-dominated 
area (Fig. 3.6d) compared with in the strain-dominated area (Fig. 3.6b). Such thick 
intrusion may be a cause of HVWSs in the eddy-dominated area in the Oyashio region.  
 
3.4 Discussion and summary 
 In the present chapter, we investigated the distribution of HVWSs by Argo float data 
in the Kuroshio-Oyashio and their extension region. The number of sharp intrusions in a 
profile was used as a criterion of HVWSs. Sharp intrusions were determined by the 
absolute value of diapycnal spiciness curvature. The shape of distribution of the HVWSs 
with respect to eddy-/strain-dominated area was evaluated on the basis of Argo data along 
with satellite SSH data.  
 Statistical analysis in the analyzed region revealed that the HVWSs were distributed 
asymmetrically and skewed toward the strain-dominated area compared with the eddy-
dominated area. Moreover, in the southern and the northern region of the KE, statistical 
analysis indicated that sharp intrusions and HVWSs were observed more frequently in 
the strain-dominated area than in the eddy-dominated area.  
 In the Oyashio region, however, a relatively large number of the HVWSs were found 
in the eddy-dominated area. Relative frequency of intrusion thickness revealed that they 
were composed of relatively thick intrusions in the intermediate layer. The thick 
intrusions were in the eddy-dominated area more frequently than in the strain-dominated 
area. Thus, such thick intrusions perhaps cause HVWSs in the eddy-dominated area. 
Anticyclonic mesoscale eddies in the Oyashio region have been reported to propagate 
from their generation sites in the northern region of the KE (Itoh and Yasuda, 2010a). 
These eddies are pinched off from the KE and interact with other eddies and also with 
currents including their origin (Yasuda et al., 1992). In the Oyashio region, intrusion 
structures with low values of θ and S have been observed in the intermediate layer of 
anticyclonic mesoscale eddies (Itoh et al., 2011; 2014). These intrusion structures of cold 
and fresh water are characterized by thickness of nearly 100 m and are identified as water 
mass originated from the Sea of Okhotsk. Once different property of water mass 
compared with that within mesoscale eddies intrudes into the eddy, it can cause HVWSs 
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on the basis of the three dimensional cascade theory. Therefore, such vigorous intrusions 
of water mass from the Sea of Okhotsk into mesoscale eddies in the Oyashio region 
perhaps result in the distribution difference of HVWSs between the Oyashio region and 
the other two subregions.  
 The results in Chapter 2 implied the difference of the distribution of HVWSs due to 
types of interaction: the number of HVWSs was large inside mesoscale eddies after 
absorbing ambient water mass; HVWSs were observed at the periphery of eddies after 
part of them was absorbed by surrounding water mass. It is inferred from this result that 
when eddies entrain water mass into their inside, the absorbed water results in high 
horizontal wavenumber structures and leads to HVWSs there. These results in the 
previous and the present chapter are consistent with the idea that not only the 
frontal/filamentary structures evolved in the strain field but also intrusion structures 
inside mesoscale eddies trigger HVWSs. We attempt to verify whether this is the case in 
the next chapter by using intensive ship survey data. 
 Yet decay of mesoscale eddies may cause the difference of their distribution. 
Mesoscale eddies in the Oyashio region often absorb ambient water mass such as other 
mesoscale eddies and the meandered KE and are intensified intermittently. However, they 
ultimately decay and the corresponding amplitude of SSH decreases with their 
propagation (Itoh and Yasuda, 2010a; Itoh et al., 2011). This weakening of anticyclonic 
mesoscale eddies perhaps makes it difficult to resolve them by satellite altimeters in this 
region and results in a relatively large number of HVWSs in the eddy-dominated area. 
 Distribution of SMPs is deduced from HVWSs on the basis of the three dimensional 
cascade theory. The statistical analysis implied that SMPs were distributed 
asymmetrically and skewed toward strain-dominated area. This result is consistent with 
previous simulation and modeling studies (Lapeyre and Klein, 2006; Sasaki and Klein, 
2012; Gula et al., 2015). On the other hand, since the HVWSs were recognized also in 
the eddy-dominated area in all subregions and especially in the Oyashio region, we expect 
that there is a mechanism to carry HVWSs and furthermore SMPs into the interior of 
mesoscale eddies and/or to grow HVWSs there. It is necessary to reveal their statistical 
distribution in wider area and ultimately over the global ocean; at the same time, we 
should investigate evolution mechanism of HVWSs to understand the statistical results 











Figure 3.1. An example of the Okubo-Weiss parameter (W) calculated from sea surface 
height (SSH) anomaly on January 4, 2006. Gray contours indicate SSH anomaly with 












Figure 3.2. An example of intrusion effects on vertical profiles of (a) spiciness (π) and 
(b) diapycnal spiciness curvature (πσσ). Absolute spiciness was calculated following the 











Figure 3.3. Horizontal distribution of high vertical wavenumber structures (HVWSs) 
with respect to Okubo-Weiss parameter (W) in the Kuroshio-Oyashio and their extension 
region (from 135°E to 160°E and from 30°N to 45°N). The thresholds of |πσσ| and Ns are 
defined as 40 m3 kg−1 and 5, respectively. The mean value of W is 16.7×10−12 s−2 and the 









Figure 3.4. Distribution map of (a-c) the mean value and (d-e) the skewness of Okubo-
Weiss parameter (W) in relation to threshold |πσσ| and Ns. Each of the columns represents 
different regions: (left) the southern region of the Kuroshio Extension (KE) from 135°E 
to 160°E and 30°N to 35°N, (center) the norther region of the KE from 135°E to 160°E 
and 35°N to 38°N, and (right) the Oyashio region from 135°E to 160°E and 38°N to 45°N. 











Figure 3.5. The number of sharp intrusions for each 50 dbar class in the Kuroshio-
Oyashio and their extension region. The sharp intrusion is defined by the threshold of |πσσ| 








Figure 3.6. Relative frequency of intrusion thickness at each 50 dbar class (a, c) in the 
northern region of the Kuroshio Extension (KE) and (b, d) in the Oyashio region. The top 






High vertical wavenumber structures captured by an intensive 
survey of an anticyclonic mesoscale eddy  
 
4.1 Introduction 
 Evolution of horizontal wavenumber of a tracer in a strain field is called 
frontogenesis/filamentogenesis (F/F) (Hoskins, 1984) and has been studied in the 
framework of submesoscale phenomena (SMPs) (McWilliams et al., 2009; Gula et al., 
2014). According to the three dimensional cascade theory developed by Klein et al. 
(1998), vertical wavenumber of any tracer can grow by its product of horizontal 
wavenumber and the vertical shear of the horizontal velocity. It is thus expected that high 
vertical wavenumber structures (HVWSs) are observed in strain-dominated area where 
F/F is vigorous.  
 In Chapter 3, we revealed that sharp intrusions and HVWSs were in the strain-
dominated area more frequently than in the eddy-dominate area in the southern and the 
northern region of the Kuroshio Extension (KE). In the Oyashio region, however, a 
relatively large number of HVWSs were recognized in the eddy-dominated area. This 
result is not consistent with the idea that such structures are distributed in the strain field 
where F/F occurs. We therefore consider that such distribution is caused by intrusions 
into eddy cores of HVWSs and/or horizontal high wavenumber structures which result in 
HVWSs on the basis of the three dimensional cascade theory. Because typical shipboard 
observations, global Argo and satellite altimetry data do not provide three dimensional 
information about tracers and flow field with submesoscale-resolving resolution, they do 
not reveal the evolution mechanism of HVWSs in the strain-/eddy-dominated area. In 
order to explore the evolution mechanism of HVWSs and examine how it corresponds 
with the three dimensional cascade theory, we conducted an intensive survey at the 
periphery of a mesoscale eddy north of the KE. Relationship between HVWSs and flow 
field and their evolution mechanism will be revealed by using observed current velocity 
and profiles. This will enables us to understand the results of the statistical analyses by 
the Argo data deeply.  
 The remainder of this chapter is organized as follows. The data obtained in the 
intensive survey and analysis method are described in section 4.2. The distribution of 
HVWSs and their evolution mechanism are investigated in section 4.3. The evolution of 





4.2 Data and method 
 During the intensive survey aboard the R/V Hakuho-maru as part of KH-16-3 cruise, 
80 stations were occupied at the periphery of the anticyclonic mesoscale eddy north of 
the KE during June 26-27, 2016 (Fig. 4.1). At each station an expendable conductivity-
temperature-depth profiler (XCTD) was deployed and current velocities are continuously 
observed by a shipboard RDI 38-kHz acoustic Doppler current profiler (ADCP). Stations 
were taken along five lines that were oriented along meridians, roughly perpendicular to 
the geostrophic flow near the southern edge of the eddy. Each line had sixteen stations 
and all the deployments were completed within 24 hours. The distance between the 
stations was about 3′ (~5.6 km) and that between the lines was 10′ (~15 km). The vessel 
speed was 12 kt throughout the intensive survey. Stations on each line were numbered 1 
to 16 from the southernmost one through the northernmost one (Fig. 4.1b). The intensive 
survey was carried out from station 1 on line 1 to station 16 on line 5.  
 We used temperature (T) and salinity (S) data obtained by XCTD. After applying 31-
dbar Hanning filter, potential temperature (θ) and potential density (σθ) were calculated 
from T and S profiles and interpolated onto a 0.02σθ vertical grid by using Akima spline 
(Akima, 1970). 
 We used diapycnal spiciness (π) curvature as an indicator of the local strength of 
intrusions (Shcherbina et al., 2009). The basis of this method lies in the fact that intrusions 
are associated with the point of increased curvature of a π-σθ diagram (see Fig. 3.2 in the 
previous chapter).  
 π is defined through its differential  
 dπ = ρ(αdθ + βdS),          (4.1) 
where α = −ρ−1(∂ρ/∂θ) and β = ρ−1(∂ρ/∂S) are the coefficients of thermal expansion and 
saline contraction, respectively. Because construction of a particular globally consistent 
solution of Eq. (4.1) is not essential here, the formulation of Flament (2002) was used to 
calculate π (Shcherbina et al., 2009). Then, diapycnal spiciness curvature (the second 








was calculated for each depth in a ±0.02σθ band. We chose a threshold of |πσσ| to define 
criterion of sharp intrusions. 
 Number of sharp intrusions in a profile (Ns) was counted. We also used a threshold 
of Ns to detect profiles which observed HVWSs. 
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 Absolute SSH and SSH anomaly (h′) data, produced by Segment Sol multimissions 
d’ALTimétrie, d’Orbitographie et de Localization Précise/Data Unification and Altimeter 
Combination System (Ssalto/Duacs) and distributed by archiving, validation and 
interpretation of satellites oceanographic data (AVISO) project, with support from the 
Centre National d’Etudes Spatiales (CNES) were also used. The data on June 26, 2016, 
provided on a 0.25° × 0.25° grid, were downloaded from the web site of AVISO 
(http://www.aviso.oceanobs.com).  
 The Okubo-Weiss parameter (W) (Okubo, 1970; Weiss, 1991) was used to detect 
eddy- and strain-dominated area. This parameter is defined as  
W = σn
2 + σs
2 − ω2, 
where σn = ∂xu − ∂yv and σs = ∂xv + ∂yu are the normal and shear components of strain, 
and ω = ∂xv − ∂yu is the relative vorticity. For the horizontally nondivergent flow in the 
ocean, W is derived as  











where x and y are zonal and meridional coordinates (positive eastward and northward, 
respectively). The eastward and northward velocity components were estimated from h′ 
as u = −(g/f)(∂h′/∂y) and v = (g/f)(∂h′/∂x), where g is the gravitational acceleration.  
 Horizontal velocities along each line were observed by a shipboard 38-kHz ADCP 
with a vertical interval of approximately 15 m. We here provided u and v positive 
northward and westward, respectively, according to the direction of the eddy-driven 
geostrophic current (positive v roughly indicates the eddy-driven geostrophic current). 
These velocity data were calibrated for misalignment angle, which was estimated from 
the ship velocities measured by a Global Positioning System and by bottom tracking 
ADCP data (Joyce, 1989). Current velocity profiles were then estimated with a temporal 
interval of 5 min following Gilcoto et al. (2009). We further averaged the velocities at 
each station over two or three profiles which is temporally near to the deployment time 
of each XCTD. 
 
4.3 Results 
4.3.1 Horizontal fields 
 The intensive survey was conducted at the periphery of an anticyclonic mesoscale 
eddy in the Kuroshio-Oyashio mixed water region on June 26, 2016 (Fig. 1a). The 
horizontal current field around the eddy was evaluated from the satellite SSH data. 
Geostrophic currents driven by the observed anticyclonic eddy, the meandering of the KE 
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southeast of the eddy, and following cyclonic circulations east and south of the eddy make 
a point at the intersection of diverging and converging regions around 146.7°E, 37.0°N. 
A tracer initially located near the hyperbolic point would be affected by contraction along 
the meridional converging direction and by stretching along the diverging direction 
oriented toward the northeast and the southwest. The observed area was located 
downstream of the stretching. Thus we expect that high horizontal wavenumber structures 
stretched by the upstream flow field and surrounding the anticyclonic eddy are observed 
in the five cross sections. 
 We observed strain- and eddy-dominated area and their boundary region throughout 
the five lines (Fig. 4.2). The range of W at stations was from −400 to 200, which largely 
covers main distribution regions of statistical HVWSs (see Fig. 3.3). Profiles with large 
Ns were in the strain-dominated area more than in the eddy-dominated area; in other words, 
HVWSs were distributed asymmetrically and skewed toward strain-dominated area (Fig. 
4.2). This distribution is consistent with the statistical results of the sharp intrusions in 
Chapter 3.  
 In the eddy-dominated area, on the other hand, vertical profiles with relatively large 
Ns were also observed (Fig. 4.2). The profile at the second northernmost station (station 
15) on line 4, for example, had a value of Ns = 7 though the station was in the area with 
W ~ −300. Even in such a strong eddy-dominated area, quite a few number of sharp 
intrusion structures are distributed statistically (see Fig. 3.3). While horizontal 
wavenumber of a tracer will not increase in such an eddy-dominated area on the basis of 
F/F, the intensive survey reveals that HVWSs are certainly observed. In the next 
subsections, hydrographic and velocity structures of these HVWSs are displayed. 
 
4.3.2 Vertical cross sections  
 Patches of low θ and S (i.e., low π) water with the horizontal scale of several tens of 
kilometers were at the periphery of the eddy in the sections on line 1 centered at station 5 
(Figs. 4.3a-c). A patchy water having a core with θ lower than 3°C and S lower than 33.7 
was at the depth of 480 m. Another patchy water having a cold (θ < 6) and fresh (S < 
33.6) core was also recognized at the depth of 350 m around station 6. These vertically 
aligned cores were accompanied by HVWSs of πσσ (Fig. 4.3d) with the thickness of 
several tens of meters to around 50 meters.  
 Inside the eddy, on the other hand, similar but slightly weak low θ, S and thereby π 
signals were at around station 14-15 (Figs. 4.3a-c). These patches of water were on almost 
the same isopycnals as those at the periphery of the eddy: the upper core was between 
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26.3σθ and 26.6σθ and the lower one was between 26.8σθ and 27.0σθ. Sharp intrusion 
structures with vertically high frequency were also observed with these patchy structures 
(Fig. 4.3d). HVWSs observed in the eddy-dominated area were caused by such patchy 
structures in the mesoscale eddy. 
 The vertically aligned low π water masses at the periphery of the eddy were observed 
in all the five sections (Figs. 4.3c, 4.4a, c, e, g). The upper and lower cores initially 
centered at station 5 on line 1 (Fig. 4.3c) were recognized continuously between 26.3σθ 
and 26.6σθ and between 26.8σθ and 27.0σθ, respectively (Figs. 4.4a, c, e, g), suggesting 
that these patches of water mass represent filamentary structures. The aligned water 
masses in the interior of the eddy, on the other hand, were captured from the cross section 
on line 1 (Fig. 4.3c) and then the upper core was missed by the cross section on line 2 
through 5 (Fig. 4.4a, c, e, g) probably due to its northward deflection from the observation 
area.  
 In particular, the core of the lower filament at the periphery was subducted from the 
depth of 480 m to 580 m (Figs. 4.3c, 4.4g). The subduction trend was common to the 
lower core in the interior of the eddy: it was subducted from the depth of 630 m (Fig. 
4.3c) to the depth of the 680 m on line 5 (Fig. 4.4g). The upper filament at the periphery, 
on the other hand, was located between 350-400 m throughout the survey and the 
subduction trend was weak compared with the two lower cores.  
 The survey was proceeded to the forward direction of the eddy-driven geostrophic 
current (Fig. 4.1). Structures of zonal velocities were approximately common in all the 
five sections (zonal velocity section only on line 3 is shown in Fig. 4.5). The westward 
velocity corresponding to the lower core of the filament at the periphery of the eddy was 
0.2-0.4 m s−1; we presume that the westward velocity of the lower filament was 0.3 m s−1 
(~26 km day−1) throughout the survey. On the other hand, since all the survey was 
completed within 24 hours, the progress speed of the survey is reasonably assumed as 0.7 
m s−1 (~60 km day−1). So the filament was observed for about 34 km and the survey did 
not trace the same water mass in the filament. However, we assume that the filament 
flowed continuously with the westward velocity of 0.3 m s−1 and along the common 
pathway from line 1 to 5, namely it takes 200000 s (2.3 days) for water mass within the 
filament to flow between line 1 and 5 of 60 km. Thus the vertical velocity related to the 
subduction of the filament from the depth of 480 m to 580 m is roughly estimated to be 
43 m day−1. Similarly, by focusing on the lower filament inside the eddy, vertical 
velocities are estimated 18 m day−1 with westward velocity of 0.25 m s−1, flowing distance 
of 60 km, and subduction from the depth of 630 m to the depth of 680 m. These vertical 
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velocities are consistent with those of SMPs deduced from theoretical and numerical 
studies (Thomas et al., 2008; McWilliams, 2016) and that reported by a previous 
observation nearby the Gulf Stream (Thomas and Joyce, 2010). 
 
4.3.3 Time evolution of filaments and HVWSs 
 The aligned filaments were detected as local π minimum in the observed sections 
(Figs. 4.3, 4.4). The local minimum corresponding to large positive/negative vales of 
horizontal π-gradient (only the section along line 2 is shown in Fig. 4.6). The x- and y-
axis were defined positive northward and positive westward and the x- and y-derivative 
of π (πx and πy) were calculated as follows: the x-derivative was calculated at each station 
from station 2 to 15 on line 1 to 4 as the central differential between the nearest two 
stations divided by their distance (~11 km); the y-derivative, in turn, was estimated at 
each station from station 2 to station 16 on line 1-4 as the forward differential between a 
station and the immediately west one divided by their distance (~15 km). The x-derivative 
of π (corresponding to x component of kh in Eqs. (1.8) and (1.9)) tends to be large 
positive/negative value corresponding to the aligned filaments at the periphery and near 
the center of the eddy in all the sections (only the section along line 2 is shown in Fig. 
4.6a). The lower filament at the periphery of the eddy, as a remarkable example, has 
negative values on the outer side of the eddy and positive values on the inner side of the 
eddy since the filament makes a local minimum of π. The y-derivative, on the other hand, 
is small in the section along line 1 and gradually increases as the opposite sign of x-
derivative with progressing the survey (the section along line 2 is shown in Fig. 4.6b) 
because the pathway of the eddy-driven geostrophic current curved to the north and the 
zonal geostrophic component increases (Fig. 4.1). 
 F/F is caused by stretching and tilting of tracers due to horizontal velocity shear. The 
shears which vary meridional gradient of tracers in the present coordinate are ux and vx 
(the elements in the first row of the matrix A in Eq. (1.8)). These two components were 
calculated by using ADCP data (Fig. 4.7). Each component had a horizontal scale of 20 
km or larger and a vertical scale of 50 meters or thicker and are distributed irregularly. 
Here we mainly look at the development of lower filament at the periphery of the eddy. 
Throughout the intensive survey, ux had an overall zonal stretching contribution there: ux 
was generally negative (Figs. 4.7a, c, e, g) and caused meridional convergence. The 
normal component of strain (σn = ux − vy) emphasized the zonal stretching tendency (Figs. 
4.8). Its negative (positive) value indicates the zonal (meridional) stretching. The lower 
filament was roughly accompanied by the negative values of σn throughout the survey. 
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The tilting term, vx, was also negative roughly corresponding to the filament (Figs. 4.7b, 
d, f, h) and therefore it contributes to filamentogenesis depending on the horizontal 
gradient of the tracer.  
 The contributing term to the development of meridional π-gradient is resolved into 
−uxπx and −vxπy (Fig. 4.9). Though the tilting term −vxπy makes less contribution 
than the zonal stretching term −uxπx in most part of sections, the effect is relatively large 
near the filaments (Figs. 4.9b, d, f, h). The sum of the two components (not shown but is 
deduced from Fig. 4.9) suggests that the negative π-gradient increases on the outer side 
of the lower filament at the periphery of the eddy. Indeed, πx  at the evolving field 
increases (Table 4.1): a local minimum of πx on a line seems to be generated by the 
generation term −uxπx − vxπy on the previous line; for instance, the value of πx at the 
local minimum of −uxπx − vxπy was −4.7 ×10
−5 kg m−3 m−1 on line 2 at station 3 at the 
depth of 490 m and the local minimum of −uxπx − vxπy  likely created the local 
minimum of πx with the value of −5.2 ×10
−5 kg m−3 m−1 on line 3 at station 4 at the depth 
of 494 m by the forcing of −uxπx − vxπy = −5.7 × 10
−10 kg m−3 m−1 s−1 for O(104 s). 
Locations of the local minimums deepened likely because the filament was gradually 
subducted.  
 Here we assume that the intensive survey took snapshots along each line at the same 
moment and the observed flow field was only space dependent though the typical 
evolution timescale of evolution of submesoscale phenomena is O(1) day and the survey 
was carried out in 24 hours. The negative values of σn were distributed nearly entirely 
in the section on line 1 and 2 (Figs. 4.8a, b), suggesting that tracers were entirely 
elongated zonally. The negative values of σn on line 3 and 4, on the other hand, were not 
evenly distributed in the section (Figs. 4.8c, d). However, they roughly corresponded to 
the vertically aligned filaments at the periphery of the eddy. This suggests that these 
aligned filaments were elongated throughout the survey. Thus, taking into consideration 
the fact that the HVWSs of πσσ are at the periphery of the eddy corresponding to the 
vertically aligned filaments (Figs. 4.3, 4.4), such structures are associated with evolving 
submesoscale filaments in the strain-dominated area (cf. colored squares in Figs. 4.3, 4.4). 
Whereas the aligned filaments in the interior of the eddy would be evolved in the former 
part of the survey (Figs. 4.8a, b), they did not correspond to the negative vales of σn on 
line 3 and 4 (Figs. 4.8c, d). This implies that these filamentary structures on line 3 and 4 
were not elongated throughout the survey; they were likely traces of developed filaments. 
Because HVWSs of πσσ are also observed in the interior the eddy corresponding to these 
aligned filaments (Figs. 4.3, 4.4), vertical wavenumber can be large not only in evolving 
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filaments but also in their traces even in the eddy-dominated area (cf. colored square in 
Figs. 4.3, 4.4). 
 According to the three dimensional cascade theory (Eqs. (1.8) and (1.9)), the vertical 
wavenumber of any tracer can grow by the product of its horizontal wavenumber and the 
vertical shear of the horizontal velocity. So we explore how the vertical wavenumber of 
π evolves. To determine whether the HVWSs were being evolved in the observed area or 
were just traces brought from other evolving area, the horizontal wavenumber of π and 
the vertical shear of the horizontal velocity are examined. 
 Figure 4.10 shows the vertical shear of u and v (x and y component of S in Eq. (1.9); 
uz and vz) with 101-dbar Hanning filter in the section along line 2 as an example. The z-
derivatives were calculated over the ±10 m interval. The patchy structures of vz were 
distributed randomly in the section (Fig. 4.10b) though the largely positive values were 
evident because v strongly increases with z. The patchy structures had thicknesses of 
several tens of meters to around 100 meters. Such patchy structures were more obvious 
and the fluctuation amplitude was larger in uz section (Fig. 4.10a). These distribution trend 
was common in all the sections (not shown). These sections indicate that the vertical shear 
of flows across the eddy-driven circulation are strong and complicated compared with 
that along the circulation. 
 We calculated the inner product of S and kh (that only for line 2 is shown in Fig. 
4.11a). The y component of the product (Fig. 4.11c) had a little contribution to the inner 
product compared with that of the x component (Fig. 4.11b) throughout the survey (not 
shown). Patchy signals with thickness similar to that of the vertical shear of horizontal 
velocity were distributed at the periphery of the eddy and near the interior filaments. 
Vertical π-gradient were calculated over the ±10 m interval (Fig. 4.12). Anomalies of the 
vertical π-gradient which corresponds to kz in Eq. (1.9) (Fig. 4.12b) from its mean of all 
the sections (Fig.4.12a) reveal that distribution resembles that of the product of S and kh 
(Fig. 4.11a). The magnitude of the inner product was O(10−8 kg m3 m−1 s−1). The distance 
between two lines was ~15 km and it would take ~50000 s for the lower filament at the 
periphery with the westward velocity of 0.3 m s−1, for example, to flow there. Hence, the 
vertical π-gradient near the lower filament would be strengthened with magnitude of 
O(10−4 kg m3 m−1) by the shear. In fact, the positive vertical π-gradient at the depth of 
450-500 m on station 5-7 increased from 1.66 × 10−2 kg m3 m−1 on line 1 through 1.73, 
1.79, 1.85, and 1.86 × 10−2 kg m3 m−1 on line 5. On the other hand, the vertical π-gradient 
in association with the lower filament inside the eddy at the depth of 550-650 m on line 
14-16 varied from 1.10 × 10−2 kg m3 m−1 on line 1 through 0.92, 0.89, 1.41, and 1.42 × 
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10−2 kg m3 m−1 on line 5. Tough the evolution trend is not significant compared with that 
at the periphery, the vertical π-gradient grew during the forcing by the shear flow. This 
result suggests the three dimensional cascade probably occurs at the periphery and in the 




 The high-resolution intensive survey revealed that vertical π-gradient was generated 
by the product of horizontal π-gradient and vertical shear of horizontal velocities. In this 
section, we discuss their temporal development and caused characteristics of observed 
vertical profiles on the basis of the three dimensional cascade theory.  
 From the temporal evolution of horizontal wavenumber (Eq. (1.8)), the horizontal 
wavenumber of π in the x-axis direction at a time is written as 
πx = πx0 exp( − uxt),          (4.1) 
where πx0 is the initial π-gradient. Substituting it for the equation of temporal evolution 
of vertical wavenumber (Eq. (1.9)), the vertical wavenumber at a time is estimated by 
πz = ∫ −uzπx0 exp( − uxt) dt.          (4.2) 
Here we simply consider that the vertical scale of the shear of the horizontal velocity is 
thicker than 100 m. The vertical shear with the 201-dbar Hanning window represents, for 
example, the negative value of the order of 10−4 s−1 related to the outside of the lower 
filament at the periphery of the eddy throughout the survey (Fig. 4.13). We judge that the 
vertical shear of this magnitude continues to exist for O(1) day. Other values in Eq. (4.1) 
are estimated that ux, πx, and dt are −10
−5 s−1, −10−4 kg m−3 m−1, 105 s, respectively: the 
value of πx ~ − 10
−4
 (cf. Fig. 4.6) is formed by the initial π-gradient of ~ −4.0 × 10−5 
kg m−3 m−1 and forcing of ux ~ −10−5 s−1 (cf. Fig. 4.7) for 105 s (~ 1 day). The resulting 
magnitude of evolved vertical wavenumber πz  is −2.7 × 10
−3 kg m−3 m−1 under the 
assumption that the initial vertical wavenumber was zero. This magnitude is similar to 
that observed around outside the filament at the periphery of the eddy (Fig. 4.12), 
suggesting that a crest of vertical wavenumber observed in the intensive survey is 
generated such tracer and forcing field in a day.  
 Since the aligned low π filaments at the periphery and inside the eddy were on the 
same isopycnals, we assume that the inside filaments intruded into the eddy while 
traveling around the eddy. It takes about 20 days for aligned filaments to flow around the 
eddy for its radius of 100 km with horizontal velocity along eddy-driven circulation is 
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0.35 m s−1. Because mesoscale eddies interact with ambient flows and eddies constantly 
(cf. section 2.3), we expect that the filament is forced by the horizontal strain field and 
vertical shear intermittently during the rotation around the eddy. Further assumption that 
the filaments are forced horizontally and vertically once a month or at most once a week 
enable us to estimate the horizontal and vertical wavenumber after the rotation: horizontal 
one is calculated as −2.7 × 10−4 for the forcing once a month and −2.0 × 10−3 kg m−3 m−1 
for that once a week (three-times integration of Eq. (1.8)) under the assumption that initial 
horizontal wavenumber was 10−4 kg m−3 m−1; resulting vertical wavenumber is −7.3 × 
10−3 and −5.3 × 10−2 kg m−3 m−1 by Eq. (4.2). The observed vertical wavenumber 
associated with the filaments inside the eddy, however, was almost O(10−3 kg m−3 m−1) 
(Fig. 4.12) and smaller than the estimation based on the three dimensional cascade theory 
in the case that the tracer field is forced several times. Thus, the discussion implies that 
damping of the intrusion structures become dominated with an increase of horizontal and 
vertical wavenumber by the horizontal and vertical shear flow; sharpness of intrusion 
structures decrease as time passed from the forcing of stretching by the shear flow. The 
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was calculated as O(10−4 kg m−3 m−2) around the filaments inside the eddy and O(10−3 kg 




2⁄  just forced by the horizontal and vertical shear is estimated to be O(10−3 kg m−3). 
The time it takes to flow around the eddy is O(106 s) and the difference of π is estimated 
to be O(10−1 kg m−3) from Fig. 4.4. Hence, the coefficient K in Eq. (4.3) is estimated to 
be O(10−4 m2 s−1). This value is an order of magnitude larger than that in the typical 
thermocline but is the same order of magnitude as that near boundaries or rough 
topography.  
 We attempt to diagnose the age of filamentary structures with the idea that 
filamentary structures which are evolving or just have been generated result in sharp 
intrusions but those which had been previously generated and are just a trace of F/F are 
exposed to the damping and cause relatively blunt intrusions. Because sharpness of 
intrusion is evaluated by πσσ, we relate the value to age of filaments. Figure 4.15 shows 
the number of intrusions against the value of |πσσ| and |πz| at the periphery of the eddy 
and its inside. Comparing the number of peak in |πσσ| and |πz| at the periphery (Figs. 4.15a, 
e, i, m and c, g, k, o) and in the interior of the eddy (Figs. 4.15b, f, j, n and d, h, l, p), those 
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in large |πσσ| and |πz| class are large at the periphery throughout the observation. We judge 
that the high vertical π-gradient corresponds to sharp intrusions and low one does to blunt 
ones. The number of large |πσσ| and |πz| inside the eddy, in particular, degreases toward 
downstream (Figs. 4.15b, f, j, n and d, h, l, p), implying the damping of intrusion 
structures. Moreover, as examples of evolution of sharpness, we look at values of πσσ 
corresponding to the lower filament at the periphery and inside the eddy. The values of 
πσσ at the core of filaments are larger at the periphery of the eddy than its inside: they vary 
from 69 on line 1 through 90, 68, 67, and 61 on line 5 at the periphery of the eddy and 
from 51 through 47, 58, 47, and 50 its inside. Though the hour-to-hour damping of the 
sharpness is not obvious when we focus on the specific filaments, the difference of the 
values of πσσ between at the periphery of the eddy and in its interior is clear. Assuming 
that filaments observed at the periphery of the eddy are young and those inside the eddy 
are old, we conclude that sharpness of the intrusions is related to the age of filaments.  
 We examine wide-area distribution of young/old filamentary structures by using 
Argo data in the Kuroshio-Oyashio and their extension region (cf. Chapter 3). Sharp and 
blunt intrusions are here defined as πσσ peaks with 60 kg m−3 ≤ |πσσ| and 30 kg m−3 ≤ |πσσ| 
< 60 kg m−3, respectively, according to the observation of the values at the two specific 
filaments mentioned in the previous paragraph. Then, rate of profiles which contain sharp 
or blunt intrusions more than three was calculated in each three subregion (the Oyashio 
region: 135°E to 160°E and 38°N to 45°N, the northern part of the KE: 135°E to 160°E 
and 35°N to 38°N, and the southern part of the KE: 135°E to 160°E and 30°N to 35°N) 
in the strain-/eddy-dominated area (Table 4.2). HVWSs with sharp intrusions are 
distributed in the strong strain field (100 s−2 ≤ W) more frequently than the weak strain 
filed and the eddy-dominated area. The rate of profiles with relatively blunt intrusions, 
on the other hand, are uniform or slightly large in the strong eddy area. These statistical 
results imply the difference of distribution trend between young and old filaments: 
distribution of developing filaments is skewed toward the strong strain area compared 
with the weak strain- and eddy-dominated areas; filamentary structures after a time passed 
from the first forcing of stretching are distributed uniformly or a little more frequently in 
the strong eddy area. The distribution trend in the present analysis does not change 
substantially when we use some different criteria for the sharpness of intrusions and 
HVWSs: the lower limit of sharp intrusions is varied from 50 to 70 kg m−3; the lower and 
upper limit of blunt intrusions is varied from 20 to 40 kg m−3 and from 50 to 70 kg m−3, 
respectively; the threshold of the number of sharp/blunt intrusion structures is varied from 
2 to 6. 
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 The distribution of HVWSs detected in the present thesis provides distribution of 
both the developing fronts/filaments and the traces of F/F. Discussion in this section, 
however, suggested that the young and the old filaments can be distinguished by making 
correspondence between the sharpness of intrusion structures and the age of filaments. 
The schematic model of the evolution and decay of HVWSs related to the dominance of 
strain and eddy is illustrated on the basis of these results (Fig. 4.16). The number of 
HVWSs is large in the strain-dominated area where fronts and filaments are generated 
and evolved though such structures are also observed in the eddy-dominated area due to 
frontal and filamentary structures penetrated into mesoscale eddies. The distribution of 
HVWSs with sharp/blunt intrusions, on the other hand, implies that the evolving fronts 
and filaments are typically found in the strong strain field whereas traces of F/F are 
distributed evenly or even more frequently in the eddy-dominated area. 
 
4.5 Conclusions 
 We conducted the intensive ship survey at the periphery of the anticyclonic 
mesoscale eddy in the Kuroshio-Oyashio mixed water region in order to explore the 
evolution of filamentary structures and HVWSs. The five hydrographic and velocity 
sections captured vertically aligned filaments at the periphery of the eddy and its inside. 
The three dimensional velocity field revealed that the filaments at the periphery were 
evolving and those inside the eddy were traces of filamentogenesis. The vertical velocity 
estimated by tracing water mass within the filaments was approximately 20-40 m day−1 
on the assumption that their horizontal velocity and pathway was steady. HVWSs were 
associated with filamentary structures in the strain-dominated area. In the eddy-
dominated area, at the same time, traces of filamentogenesis intruded into the eddy 
accompanied HVWSs. Moreover, the vertical scales of vertical π-gradient corresponding 
to those of the vertical shear of the horizontal velocity. This result suggested that the three 
dimensional cascade occurred not only in the strain-dominate area but also in the eddy-
dominate area by traces which entrained into eddies. 
 In order to distinguish the evolving filaments and their traces, we discussed the 
relationship between sharpness of intrusion structures and locations of filamentary 
structures relative to the mesoscale eddy. The survey captured filaments both at the 
periphery of the eddy and its inside and their temporal evolution implied the damping of 
horizontal and vertical wavenumber of the tracer; specifically, though the filaments and 
the vertical wavenumber which have just been forced by the velocity shear at the 
periphery of the eddy were evolved on the basis of the three dimensional cascade theory, 
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the vertical gradients corresponding to the traces of filamentogenesis in the interior of the 
eddy were low compared with the estimation based on the theory. The hydrographic 
sections also exhibited that the high vertical π-gradient corresponded to the sharp 
intrusions and low one related to the blunt intrusions. So we concluded that the young 
and the old filaments can be separated by employing the correspondence between the 
sharpness of intrusion structures and the age of filaments under the assumption that 
filaments at the periphery were young and those inside the eddy were old. In view of these 
results, the statistical analysis of Argo profiles of πσσ in the Kuroshio-Oyashio and their 
extension region revealed the distribution of evolving filaments and traces of 
filamentogenesis: the evolving fronts and filaments are typically found in the strong strain 
field whereas traces of F/F are distributed evenly or even more frequently in the eddy-








Table 4.1. Local minimum of πx (×10−5 kg m−3 m−1) and its generation term (−uxπx−vxπy) 
(×10−10 kg m−3 m−1 s−1) corresponding to the lower filament at the periphery of the eddy 
and their locations on line 1 to 5.  
  Local minimum of πx  Local minimum of −uxπx−vxπy  
  St. Depth πx  St. Depth −uxπx−vxπy πx  
Line 1  (4_ 490  −5.7)  4 502 −4.5 −5.1  
Line 2  3 502 −6.4  3 490 −5.7 −4.7  
Line 3  4 494 −5.2  4 514 −5.4 −4.9  
Line 4  5 529 −6.8  5 527 −5.7 −6.7  










Table 4.2. Rate (%) of profiles which contain sharp (60 kg m−3 ≤ |πσσ|) or blunt (30 kg 
m−3 ≤|πσσ| < 60 kg m−3) intrusion structures more than 3 in the Oyashio region (135°E to 
160°E and 38°N to 45°N), the norther (135°E to 160°E and 35°N to 38°N) and southern 





  Oyashio region  Northern region  Southern region  
  60≤|πσσ| 30≤|πσσ|<60  60≤|πσσ| 30≤|πσσ|<60  60≤|πσσ| 30≤|πσσ|<60  
W ≤ −100  41 37  48 36  22 39  
−100<W<0  53 31  49 32  10 31  
0<W<100  56 31  50 32  10 32  





Figure 4.1. Sea surface height (SSH) on June 26, 2016 (colors), the ship track (red lines), 
and locations of the hydrographic stations (red dots) occupied during the intensive survey. 
Lines and stations are numbered 1 to 5 from the easternmost one to the westernmost one 
and 1 to 16 from the southernmost one through the northernmost one on each line, 






Figure 4.2. Okubo-Weiss parameter (W) calculated by sea surface height (SSH) data on 
June 26, 2016 (shades) and locations of the hydrographic stations (colored dots) occupied 
during the intensive survey. Colors of dots denote the number of sharp intrusions (Ns). 
The black line indicates the W = 0 isoline. The gray contours are drawn at an interval of 
50 × 10−12 s−2. Sharp intrusions are detected as extrema of diapycnal spiciness curvature 





Figure 4.3. Hydrographic sections of (a) potential temperature (θ), (b) salinity (S), (c) 
spiciness (π), and (d) diapycnal spiciness curvature (πσσ) along line 1. Potential density is 
shown in black with a contour interval 0.1 kg m−3. Gray lines in (d) denote π isolines. 
Colored squares at the top of sections indicate Okubo-Weiss parameter W calculated by 







Figure 4.4. As for Fig. 4.3, but for (a), (c), (e), (g) spiciness (π) and (b), (d), (f), (h) 










Figure 4.5. The section of v (positive westward) along line 3. Potential density is shown 
in black with a contour interval 0.1 kg m-3. Gray lines denote spiciness (π) isolines. 
Colored squares at the top of the section indicate surface geostrophic westward velocity 









Figure 4.6. Sections of (a) x- and (b) y-derivative of spiciness (π) on line 2. Gray lines 
denote π isolines. Colored squares indicate Okubo-Weiss parameter (W) calculated by 









Figure 4.7. Sections of ux and vx on each line. Gray lines denote spiciness (π) isolines. 














Figure 4.9. Sections of −uxπx and −vxπy on each line. Gray lines denote π isolines. 
Colored squares indicate Okubo-Weiss parameter (W) calculated by satellite sea surface 



















Figure 4.11. As for Fig. 4.6, but for (c) the inner product of S in Fig. 4.10 and kh. The 










Figure 4.12. As for Fig. 4.8, but for (b) anomalies of vertical gradient of spiciness (π) 









Figure 4.13. As for Fig. 4.8, but for vertical shear of u with the 201-dbar Hanning filter 







Figure 4.14. As for Fig. 4.9, but for ∂
2
π ∂z






Figure 4.15. The number of intrusions with respect to the value of (left two columns) πσσ 
and (right two columns) πz on each line. Left and right column in each value indicate that 











Figure 4.16. Schematic of the evolution and decay of high vertical wavenumber 
structures (HVWSs) related to the dominance of strain and eddy. Blue and red colors 
denote eddy- and strain- dominated area, respectively. Pink dotted lines denote traces of 
frontogenesis/filamentogenesis (F/F) which have been forced by background strain field. 
Circles indicate observation point and following curves indicate typical profiles of πσσ. 
The yellow, green, and gray curves denote HVWSs with sharp intrusions, blunt intrusions, 







 In order to gain insight into distribution and dynamical mechanisms of submesoscale 
phenomena (SMPs), the present thesis was devoted to clarify the relevance between 
SMPs and high vertical wavenumber structures (HVWSs). The methodology is based on 
the three dimensional cascade theory, which tells that vertical wavenumber of any tracer 
can grow by the product of its horizontal wavenumber and the vertical shear of the 
horizontal velocity. On the basis of the review of SMPs, we decided to focus on 
frontogenesis/filamentogenesis (F/F), which develops in horizontal strain-dominated area 
and affect the interior structures due to ageostrophic vertical secondary circulation. 
 In Chapter 2, the validity of the three dimensional cascade theory in the real ocean 
was examined by analyzing observed data acquired by profiling floats deployed in the 
mesoscale eddy in the Kuroshio-Oyashio mixed water region along with the 
shipboard/satellite observation data and the output of the high-resolution realistic 
simulation. In the simulated ocean, SMPs were observed at the periphery of mesoscale 
eddies, accompanying vertically small scale temperature/salinity structures below, and 
were active while eddies interact with surrounding flows and eddies. More frequent 
distribution of HVWSs at the periphery of an eddy compared with those near its center 
was confirmed synoptically by the shipboard observation data and statistically by 
profiling float data. Moreover, number of HVWSs was large during interaction between 
the eddy and ambient water masses and their distribution relative to the eddy likely 
depended on types of interaction; it increased at the periphery when the eddy absorbed 
ambient water mass and it did in the interior when part of it was absorbed by surroundings. 
These features are consistent with the behavior of SMPs in the simulated ocean, 
suggesting that HVWSs represent distribution of SMPs.  
 As the starting point of global analysis, we applied the detection method of HVWSs 
developed in Chapter 2 to the Argo float data in the Kuroshio-Oyashio and their extension 
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region in Chapter 3. HVWSs were distributed in the strain-dominated area more 
frequently than in the eddy-dominated area in the southern and northern region of the 
Kuroshio Extension (KE). In the Oyashio region, on the other hand, a relatively large 
number of the HVWSs were found in the eddy-dominated area. Meanwhile, thick 
intrusions were recognized in the eddy-dominated area frequently in the Oyashio region. 
These thick intrusions were inferred to be intruded from the Sea of Okhotsk into 
mesoscale eddies, which have been reported in this region. HVWSs are found not only in 
the strain-dominated area but also in the eddy-dominated area likely due to penetration of 
ambient water mass into eddies. 
 In order to clarify evolution mechanism of HVWSs associated with mesoscale eddies, 
we conducted the intensive ship survey at the periphery of the mesoscale eddy in the 
Kuroshio-Oyashio mixed water region. In Chapter 4, we analyzed three dimensional 
temperature/salinity and velocity data obtained by this survey. The five hydrographic and 
velocity sections captured vertically aligned submesoscale filamentary structures with 
low temperature/salinity both at the periphery of the eddy and its inside. The velocity 
sections exhibited that filaments at the periphery of the eddy were evolving but those 
inside the eddy were traces of filamentogenesis. These filamentary structures caused 
HVWSs with vertical shear of horizontal velocity both in the strain field and in the eddy 
field. The result implied that HVWSs were probably generated not only in the strain-
dominated area, where SMPs evolves, but also in the eddy-dominated area.  
 In order to make distinction between evolving filaments and their tracers, we 
examined the relationship between elapsed time from the forced period of 
filamentogenesis and the sharpness of intrusions constituting HVWSs. The sharpness of 
intrusion structures decreased as time passed from the forced period of stretching. 
Distribution of HVWSs with sharp/blunt intrusions in the Kuroshio-Oyashio and their 
extension region provided the picture of distribution of SMPs: evolving fronts and 
filaments are typically found in the strong strain field and traces of F/F are distributed 
uniformly in the ocean. 
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 The analyses of in situ observation data revealed the relationship between SMPs and 
HVWSs. HVWSs were caused by both evolving fronts/filaments and traces of F/F. 
Whereas HVWSs were typically observed in the strain-dominated area, they were also 
originated from traces entrained into mesoscale eddies and observed also in the eddy-
dominated area. Relationship between the sharpness of intrusion structures in HVWSs 
and the age of frontal and filamentary structures implied that young fronts/filaments were 
distributed evenly or even more frequently in the eddy-dominated area.  
 The present thesis contributed to clarification of the effect of SMPs on vertical 
structures in ocean interior. In the light of the three dimensional cascade theory and the 
decrease of intrusion sharpness, we conclude that distribution of F/F and its trace is 
deduced from HVWSs. Applying the methodology to regional-/basin-scale in situ data, 
global distribution of SMPs is probably explored. National Aeronautics and Space 
Administration (NASA) and Centre National d’Etudes Spatiales (CNES) are jointly 
developing the Surface Water and Ocean Topography (SWOT) mission 
(http://swot.jpl.nasa.gov/). SWOT is scheduled to launch in 2021 to measure the global 
SSH with a spatial resolution of O(10 km). SWOT is expected to reveal a new aspect of 
the ocean; it will contribute to revealing new submesoscale features. As the understanding 
of mesoscale phenomena has been advanced by combining satellite SSH data with the 
Argo data (Zhang et al., 2014), it is expected that distribution and structures of SMPs is 
clarified with SWOT. We proposed the new methodology to approach to spatial and 
temporal distribution of SMPs using in situ temperature/salinity data. The findings of this 
thesis contribute to connecting the new satellite SSH data and in situ observation data in 
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